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Physical constants and acronyms
Milliarcsecond 1 mas 4.8 ¨ 10´9 rad
Astronomical unit 1 AU 1.5 ¨ 1013 cm
Light year 1 ly 9.5 ¨ 1017 cm
Parsec 1 pc 3 ¨ 1018 cm
3.26 ly
Solar mass 1 Md 2 ¨ 1033 g
Solar luminosity 1 Ld 4 ¨ 1033 erg s´1
Jansky 1 Jy 10´23 erg s´1 cm´2 Hz´1
Electron volt 1 eV 1.6 ¨ 10´12 erg
Speed of light c 3 ¨ 1010 cm s´1
Boltzmann constant σ 5.67 ¨ 10´5 erg cm´2 s´1 K´4
Stefan-Boltzmann constant k 1.38 ¨ 10´16 erg K´1
Thomson cross section σT 6.65 ¨ 10´25 cm2
Gravitational constant G 6.67 ¨ 10´8 cm3 s´2 g´1
Electron mass m 9.1 ¨ 10´28 g
Proton mass mp 1.67 ¨ 10´24 g
Elementary charge e 4.8 ¨ 10´10 e.s.u
Table 1. Here, there is a list of the some astronomical and physical constants.
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EGRET Energetic Gamma-Ray Experiment Telescope (CGRO)
HESS High Energy Stereoscopic System
HST Hubble Space Telescope
LOFAR low-frequency Array (radio)
NED NASA/IPAC Extragalactic Database
NRAO National Radio Astronomy Observatory (USA-VA)
SDSS Sloan Digitized Sky Survey
VLA Very Large Array (radio)
VLBA Very Long Baseline Array (radio)
VLBI Very Long Baseline Interferometry (radio)
VSOP VLBI Space Observatory Programme
Table 2. Here, there is a list of the most common abbreviations and acronyms of projects
and catalogues used in this thesis and in astrophysics in general.
AGN Active galactic nucleus/nuclei
BAL Broad absorption line quasar
BLR Broad line region
BLRG Broad line radio galaxy
CMRB Cosmic Microwave Background radiation
FR Fanaroff and Riley radio galaxy (Fanaroff & Riley, 1974)
ICM Intracluster medium
LINER Low-ionization nuclear emission-line region
MHD Magnetohydrodynamics
NLR Narrow line region
OVV Optical violent variable blazar
PSF Point spread function
SMBH Supermassive black hole
VHE Very high energy
Table 3. Here, there is a list of the most common abbreviations and acronysms of some
physical phenomena used in this thesis and in astrophysics in general. However, they could
present variations throughout the literature.
Introduction
Among the galaxies, those with strong nuclear activity are the most energetic persistent objects
in the Universe. Active galactic nuclei (AGN) are characterized by high luminosities coming
from a tiny volume, creating an energy source that cannot be attributed to stars or gas. Instead,
the energy is thought to come from accretion onto a supermassive black hole in the nucleus
by material raining in from the host galaxy. This explains their small size and high power
output, but there is more to understand.
AGN are sites of high energy processes. The same mechanisms that accelerate cosmic rays
and the energetic particles in solar flares and supernova remnants are likely to be operating
at the center of these galaxies to accelerate relativistic charged particles. However, they are
fairly complex objects own to the extraordinary variety of diverse physical domains as general
relativity, accreting disks, jets, plasma physics and synchrotron emission.
Some of them are able to generate powerful jets creating a direct physical link between the
nucleus and the host galaxy or even the cluster. The first jet observed in an AGN was the M87
bright jet (Curtis, 1918). M87, which is the subject of this thesis, is a large elliptical galaxy
harboring an active nucleus and was one of the first identified radio sources. It is one of the
nearest radio galaxies and of the brightest radio source in the northern sky. Furthermore, M87
was the first for which the cluster was identified with this as a central galaxy: it lives at the
center of Virgo cluster that is the nearest cluster of galaxies, providing the possibility to study
the interaction of its jet and the intracluster medium (ICM) that forms a radio halo with a
projected end-to-end length of about 80 kpc, called Virgo A.
Radio halos are the clearest evidence of the presence of magnetic fields and cosmic ray mixed
with the thermal ICM in the central regions of clusters of galaxies. Relativistic electrons
injected in the ICM by the AGN lose energy mainly by synchrotron emission.
This thesis presents a study of the extended radio emitting structures of M87, which is observ-
able at low radio frequency through interferometric data from 25 MHz (LOFAR; de Gasperin
et al., 2012), 74 MHz (VLA; Kassim et al., 1993), 140 MHz (LOFAR; de Gasperin et al., 2012),
327 MHz (VLA; Owen et al., 2000) to 10.6 GHz (Effelsberg; Rottmann et al., 1996).
The analysis is performed using new low-frequency radio maps at 74 MHz and 330 MHz.
These data were obtained by Dr. N. Kassim and Dr. T. Clarke (Naval Research Laboratory
Washington) with the low-frequency upgrade of the Very Large Array (VLA) radio telescope.
The VLA, sited near Socorro (New Mexico, USA), is an element aperture synthesis interfer-
ometer composed of 27 radio antennas.
As an introduction, I present an overview of the AGN phenomenon and classification, princi-
pally from an observational point of view. Then, I discuss radio galaxies as AGN with strong
radio emission. Finally, I describe M87 and its observations across the electromagnetic spec-
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trum, mainly in the radio band.
The Data analysis chapter, after a digression about the non-thermal processes relevant to
AGN, presents the result of this work: a low-frequency spectral index map with characteri-
zation of its relative errors. This map provides information about the aging and acceleration
mechanisms for trapped synchrotron-emitting electrons and on their energy distribution.
The Conclusion chapter provides a physical explanation for the many fine structure features
that appear in the maps, especially one enigmatic feature that emerged from this study. This
is a localized flattening of the power law spectrum that has no counterparts in the literature.
The appendices collect information about the radio interferometry technique and CASA,
which is the software used to analyze radio astronomical data.
Chapter 1
Active Galactic Nuclei
Galaxies are gravitationally bound systems of stars, gas and dust. Although the majority
of their centers is bright due to increased star density, a small fraction (1´ 10%) of galaxies
are distinguished by their brilliant point-like nuclei which often outshine their host galaxies.
These nuclei are characterized by so high luminosities from a compact region that are called
active.
An active galactic nucleus has an energy source beyond what can be attributed to stars or gas
heated by them: a non-stellar or non-thermal emission. They emit strongly over the whole
electromagnetic spectrum, even gamma-rays where most galaxies hardly radiate at all.
Common properties include the variability, the presence of strong broad emission lines and a
broad-band non-thermal continuum. Many active nuclei are variable, changing their luminos-
ity and their emission lines strength substantially within a few months, days, or even hours
at X-ray wavelengths. To allow such fast variability knowing that no signal can travel faster
than light, both broad lines and continuum radiation must come from a region no more than
a few light-weeks across.
1.1 Observational features
Phenomena hardly ever observed in normal galaxies occur to be signatures of the presence
of activity. The most important observable features used as tracers of these sources can be
summarized here 1, bearing in mind that not every AGN shows every property:
• small angular size
in optical and X-ray images the nucleus appears to be a bright point source, and a high
dynamic range is needed to observe both the nucleus and the host galaxy. The size is
strongly dependent on the wavelength;
• high luminosity
AGN luminosity is in the range (1042´ 1048) erg ¨ s´1 and, compared to a typical normal
galaxy, can be 104 times as great. However, it is necessary here to consider the presence
of the host galaxy, dust and relativistic beaming 2 ;
1For a complete analysis, see Krolik (1999)
2This cause a selection effect in favor of material moving towards the observer. Relativistic beaming
will be discussed in the section ”Relativistic beaming and superluminal motion”
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Figure 1.1. Interpolated SED of seven low-luminosity AGN (solid lines) normalized to the 1 keV
luminosity of M81. The sample is made by NGC 4261, NGC 4579, NGC 6251, M84, M81, M87,
and NGC 4594. The median radio-loud (dotted line) and radio-quiet (dashed line) SED of luminous
AGN from Elvis et al. (1994), normalized similarly, are overplotted for comparison. The broadband
spectra of the low-luminosity AGN share a number of common traits, and they differ markedly from
the SED of luminous AGN. (Ho, 1999).
• broad continuum
the continuum spectra is completely different from normal galaxy spectra, in fact the
range over which the spectral energy distribution (SED is roughly flat is far broader
than any normal galaxy’s, more than a factor of 105 in frequency (fig. 1.1). For this
reason, the spectra of AGN are usually characterized as a power law of the form F9 να
where α is the spectral index.
Note that Fν ν is the typical variable used for the SED: it is specific flux multiplied by
the frequency. Note that Fν ν = dF/dlogν = dF/dlogλ = Fλ λ is the best quantity to
describe the bands in terms of energetics and eventual maxima, because it emphasizes
the frequencies at which most of the power is emitted.
Two features are almost ubiquitous in AGN spectra: an UV and an IR bump, interpreted
as thermal emission respectively from an accretion disk surrounding a central engine
and from warm dust at greater distances.
In addition, the fraction of luminosity in the radio and X-rays band is generally larger;
• emission lines
these are often very prominent, unlike a normal galaxy’s where they are weak and pre-
dominantly in absorption. The UV spectrum of M87 is shown in figure 1.2. The nucleus
of M87 displays a low ionization emission-line spectrum, which is well reproduced by
a multicomponent photoionization scenario (Sabra et al., 2003). In addition, to emission
lines, UV absorption features are seen in the spectrum, also characterized by low ion-
ization.
Lyα, the Balmer lines, the CIV 1549 doublet, [OIII] 5007 are almost always seen in AGN
spectra. X-ray lines emission are often detected, the best-known of which is the iron Kα
line around 6.4 keV (Reynolds & Nowak, 2003).
What is extremely interesting is the line width distribution showing that some sources
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have also broad lines (FWHM ą 103km s´1), whereas others only narrow lines (FWHM ă
103km s´1). The line width is interpreted as Doppler shift, giving an indication of gas
motions in the emitting regions. In fact, forbidden lines which are collisionally sup-
pressed are only seen with narrow profiles;
• variability
the variability of AGN, especially in the optical band, is considered a defining char-
acteristic that distinguishes these sources from normal galaxies. In general, there are
not special timescales, unlike stars whose variability is dominated by some particular
frequencies.
The variability usually increases toward shorter wavelengths and for a small number
of AGN is much stronger with a correlation with strong polarization, compact radio
structure and strong high-energy emission in the gamma-ray band.
The intensity variations in the optical and radio bands on timescales of months to years
provided evidence for compact source in the nucleus. X-ray observations set tighter con-
straints on the upper limit to the size of the central engine by establishing that the X-ray
luminosity can change by factors 2 with timescales of days, hours, and even minutes.
• polarization
most AGN are weakly linearly polarized (» 0.5´ 2%) but just enough to distinguish
the polarization from that of stars (due to dust transmission properties). A minority,
including the minority with strong optical variability, are much more polarized » 10%;
• radio emission
historically, radio emission was the first observed mark of AGN and unresolved cores
with radio halos discovered in many radio sources were an indication of non-stellar
activity in external galaxies. Then, in 1963 Maarten Schimdt realized that the bright
optical point source associated with the radio source 3C273 had the, at the time incredi-
bly, high redshift of 0.158, discovery that opened the field of active galaxies. Nowadays,
many radio sources are associated with AGN, e.g. Virgo A with M87 and Perseus A
with NGC 1275.
In general, only about 10% of the radiation from quasars and AGN is emitted at radio
wavelengths, with most of the power being radiated at submillimeter wavelengths. In
contrast to the continuum at higher energies (far-IR up to far-UV), which is dominated
by thermal emission, the radio emission must have a non-thermal origin. It shows in-
deed a spectrum characteristic of synchrotron radiation.
What can be inferred from their common properties is (Ferrarese & Ford, 2005):
• the spectral energy distribution is absolutely non-stellar, but is dominated by a non-
thermal emission mechanism;
• AGN must be very massive, knowing the extremely large bolometric luminosities and
the period of activity (up to 107 years) in which they consume an enormous amount of
material;
1. Active Galactic Nuclei 12
Figure 1.2. UV spectrum of the nucleus of M87 from Space Telescope Imaging Spectrograph (STIS)
on the Hubble Space Telescope (G140L grating, 52” x 0.5” aperture).
Lines are 1216 Lyα, 1240 NV, 1400 SiIV, 1640 HeII, 1910 [CIII], 1335 CII, 2324 CII, 2800 MgII
and the absorption lines are from both the Galaxy (foreground) and intrinsic to M 87.
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• AGN are extremely compact, the flux variability confines AGN to within the distance
that light can travel on time scale of less than a day, knowing that no signal can travel
faster than light. This has significant implication for sources of energy that vary their
output over time because, the maximum size L of an object varying with some charac-
teristic time ∆t is the distance that light could have traveled during that time, therefore
L ď c∆t.
Moreover, what can be inferred from their broadband continuum spectral energy distribution
is (Koratkar & Blaes, 1999):
• the presence of dust in a range of temperatures and at a range of distances that is
responsible for reprocessing the UV emission causing the IR bump;
• the presence of cold material that affects the X-ray region (fluorescence of the FeKα line
and reflection) with a power law interpreted as inverse Compton scattering on photons
by hot electrons in a region around the central engine.
Finally what can be inferred from their emission lines:
• the especially large widths of the broad lines interpreted dynamically indicate that they
arise in a deep gravitational potential, which makes the broad lines especially valuable
as probes of the central source. The region where these lines form is called broad line
region (BLR); the absence of the broader component in the forbidden or semiforbidden
lines, which are transitions collisionally suppressed, tells that the gas has a high density;
• the region where narrow lines form (NLR) is partially resolved in some of the nearest
AGN, therefore it is possible to describe it as a region spatially extended and low-
density.
1.2 The central engine as a black hole
The main issue about AGN has been finding what physical mechanism can provide extremely
high luminosities from an extremely compact region. In fact, the effective way to derive en-
ergy is what all these sources have in common.
A very efficient mechanism that converts gravitational potential energy into radiation is the
accretion onto a compact object. The black hole model was firstly introduced by Lynden-Bell
(1969) and then supported by Rees (1984) to explain AGN activities.
The central object imprints unique dynamical signature on the motion of surrounding matter:
within the sphere of influence, an orbital motion or velocity dispersion of stars or gas is unam-
biguous proof of the existence of a central mass concentration 3. The case of a supermassive
black hole (SMBH) is the most performant (Ferrarese & Ford, 2005). However, although nowa-
days the black hole model has achieved a widespread acceptance, its not yet fully confirmed
because direct signatures of accretion onto SMBH are much harder to detect, as compared to
their indirect signals.
3It has been observed relativistic velocities within a few Schwarzschild radii in the Fe Kα emission
line in Type 1 AGN.
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A SMBH is a black hole that does not originate from collapse of a star having a mass range
of (106 ´ 109) Md, far from the values of stellar black hole (10´ 102) Md. SMBH are now
believed to exist in the centres of most, or all, massive galaxies, but only 1% of them is active
and only 0.1% has radio jets.
The mass and characteristic length scale for a black hole are interchangeable:
RSCH =
2GM‚
c2
» 3 ¨ 105 M‚
Md
cm » 2 ¨ 10´8 M‚
Md
AU (1.1)
where M‚ is the black hole mass and RSCH is the Schwarzschild radius, called also the event
horizon. It is the gravitational radius of a spherical surface that defines a boundary 4.
To measure the mass of a black hole at the center of galaxies, there are direct methods as
determination of circumnuclear ionized gas or star dynamics, stellar proper motion (for the
Milky Way; Ghez et al., 2008) and study of H2O maser emission (for the Sy 2 NGC 4258 case;
Miyoshi et al., 1995).
However, the resolution that is necessary for the application of those methods is not possible
for AGN. The reason is that most of them are distant. Moreover, the brightness of the active
nucleus often overwhelms the stellar features in the host galaxy spectra and the gas can easily
be perturbed by radiation pressure or shocks.
So, to provide the mass for AGN, indirect methods such as as gas-dynamical models are used
(Kormendy & Ho, 2013).
Although the studies of supermassive black holes originated and evolved within the AGN
context, modern SMBH searches have targeted almost exclusively quiescent or weakly active
nearby galaxies. The reasons for this are the more simplicity in observations of the motion of
the gas and stars surrounding the central object (Ferrarese & Ford, 2005). In summary, except
for a handful of cases (the Milky Way and NGC 4258) statistical and systematic biases amount
to a factor of a few in uncertainty in SMBH mass estimates.
Aside from mass, another parameter that features a black hole is the angular momentum J: it
tells whether the black hole is rotating or not 5 . Defining an adimensional angular momen-
tum per unit mass, it leads to the spin: a = JcGM2‚ . If a = 0, the black hole is static, while if a =
1, the black hole is rotating with maximum angular momentum.
Due to spacetime curvature, it is not possible to have a stable circular orbit near the horizon
and, moreover, rotating black holes have a more complicated horizon with a closer-in last
stable orbit. In fact, the radius of the innermost stable circular orbit (ISCO), inside which
material plunges into the black hole, depends sensitively on the black hole spin: for a static
black hole RISCO = 3RSCH, whereas for a maximally rotating black hole RISCO = 9/2RSCH or
RISCO = 1/2RSCH for retrograde and prograde orbits respectively.
Providing a measure of the ISCO radius and an estimate of the black hole mass, the spin can
4This is valid for a non-rotating BH; for a rotating black hole there are two relevant surfaces, the
event horizon, and the static surface, which completely encloses it. At the static surface, a particle
would need to move at the speed of light in a direction opposite to the rotation of the hole in order
to be stationary. In the region of space within the static surface and the event horizon, called the
ergosphere, the rotating black hole drags space around with it in such a way that all objects must
corotate with the black hole.
5The space-time around a static black hole is described by Schwarzschild metric, whereas the
space-time around a rotating black hole is described by Kerr metric.
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be inferred.
The energy from AGN is given by gravitational energy released by the accretion of matter
falling onto the SMBH and converted to heat. Therefore, high quantity of emission in the
form of radiation is provided from the central region.
1.2.1 Accretion disk
Stars and gas are observed to orbit about the centers of galaxies. When gas accretes toward
the black hole located there, the gravitational force acting upon the gas increases as well as
the centrifugal force. The key to the extraction of energy by material falling into a black hole
is the presence of a significant angular momentum, typical of real astrophysical situation. The
gas has almost certainly enough angular momentum to flatten into a rotating disk, known as
an accretion disk, just like the gas in a binary system with mass transfer (Lynden-Bell, 1969).
It is indeed expected that the matter orbiting around the central black hole, penetrate another
inclined orbit plane and collide with other matter mixing the angular momentum and even-
tually concentrating on a single common plane.
Adjacent rings of gas scratch each other and the resulting friction allows the gas to move to-
ward the black hole. This decelerating frictional force can originate from turbulence, magnetic
field lines stretched between rings or the development of gas clouds, bars, and spiral arms in
the outer parts of accretion disk.
Whatever its origin, this frictional force is responsible for heating the gas in the disk which
can then radiate as a blackbody 6. This process is several hundred times more efficient than
the nuclear processes occurring in stars.
Matter pulled toward the black hole loses angular momentum that need be compensated by
an angular momentum gain of the mass far from the centre in order to conserve the total an-
gular momentum. The slow process transports angular momentum outwards providing heat
generation through turbulent viscosity (Lynden-Bell, 1969; Shakura & Sunyaev, 1973).
In the most well-studied model, the disk is assumed to be physically thin and optically thick.
This allows the maximum amount of heat to radiate away from the surface of the disk before
matter crosses over the event horizon. Most of this energy will be released fairly close to the
black hole, within a radius of typically 102 AU for massive black hole in a quasar. In order to
fuel a bright quasar, gas must accrete at a rate of up to 10 Md/yr.
In addition, a corona of hot material analogous to the solar corona forms above the disk and
can up-scatter photons by inverse Compton up to X-ray energies. Finally, a large fraction of
the primary emission may be obscured by interstellar gas and dust grains in the outer parts
of the disk, but in a steady-state situation this will be re-radiated at some other waveband,
typically IR.
6The emitted spectrum is a superposition of blackbody spectra of different local temperatures.
For AGN the disk spectrum peaks in the optical-UV band, whereas for stellar black holes it peaks in
the soft X-ray. The radiation from the accretion disk excites cold atomic material close to the black hole
and this radiates via emission lines. If there is enough gas around the black hole, then the photons will
be absorbed and reemitted several times before they escape.
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Figure 1.3. At the top, gas disk in nucleus of active galaxy M87, which will be discussed in
the present work. On the left, it is possible to see also the jet. On the right, a zoom-in of
the disk (Optical band 658 nm; instrument: Hubble Space Telescope Wide Field Planetary
Camera 2, STScI).
At the bottom, the giant elliptical galaxy NCG 4261. On the left, a ground-based composite
optical (white, 405 nm, instrument: LCO) and radio (orange, 20 cm, instrument: VLA) image
where it is possible to see also the jets spanning a distance on the kiloparsec scale. On the
right, a zoom-in of the core where the giant disk of cold gas and dust and what is inside
it are clearly visible (V optical 547 nm, R optical 675 nm, IR 791 nm; instrument: Hubble
Space TelescopeWide Field Planetary Camera 2, STScI).
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Figure 1.4. Gas disk in nucleus of active galaxy M87 and its jet with the related approximate
structure.
1.3 The inferred structure
Let explain the approximate structure of an AGN schematized in fig. 1.4, inferred from obser-
vational features and proposed models:
• a supermassive black hole whose gravitational energy leads to the formation of an ac-
cretion disk, or more generally optically thick plasma, which glows brightly at UV and
soft X-ray wavelengths; a corona of optically thin plasma might surround the disk pro-
ducing medium and hard X-ray emission throughout inverse Compton scattering;
• clouds of gas moving rapidly in the potential of the black hole, whose gravity dominates
the BLR; the emission lines formed here are broadened by Doppler shifts;
• a thick dusty torus or warped disk of gas and dust well outside the accretion disk and
the broad-line region (fig. ??), with a sea of electrons permeating the volume within and
above the torus;
• narrow-line clouds farther from the dynamical center forming the NLR; the emission
lines formed here present narrow profile and even forbidden transitions;
• collimated radio jets, if present, formed by outflows of energetic particles emanating
from the central region, carrying gas from there to the outer parts of the galaxy and
beyond; it is widely believed that these jets are launched perpendicular to axis of the
accretion disk.
The narrow components have Doppler widths usually less than around 103kms´1; these emis-
sion lines arise in relatively low-density (ne » 103cm3) gas that is spatially extended. In
contrast, the broad components have Doppler widths in the range (103 ´ 2.5 ¨ 104km) s´1 and
arise in gas of fairly high density by nebular standards (ne ą 109cm3), as determined from
the weakness of certain metastable and forbidden lines that are relatively more prominent in
lower-density gases (Peterson, 2006).
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Mass Schwarzschild radius RSCH
BH 106 ´ 109Md 0.01´ 10 AU
Distance from the BH Distance from the BH (cm)
Accretion disk (inner radius) 0.01´ 60 AU 1011 ´ 1015
Accretion disk (outer radius) 1´ 103 AU 1013 ´ 1016
BLR few light weeks ´ 1 ly 1016 ´ 1017
Inner radius of the torus » 1 ly 1018
NLR » 102 ´ 104 ly 1018 ´ 1020
Radio jets 1´ 107 pc 1017 ´ 1024
Table 1.1. Typical values for AGN components (Beckmann & Shrader, 2012).
1pc » 3.26 ly » 2 ¨ 105AU
1AU » 1.5 ¨ 1013cm
1Md = 2 ¨ 1033g
RSCH = 2GM‚c2
Note that in both the NLR and the BLR, the gas moves supersonically.
In tab. 1.1, the typical, approximate values for these AGN components are shown. Note that
for the black hole, knowing the mass implies knowing the size, while for the other components
(the accretion disk, the broad- and narrow-line region, and the extension of the absorber), it is
more difficult to estimate the size because these are model-dependent. Finally, the size of the
jet is easier to determine as one is able to observe it directly in the radio domain.
This is the standard picture for active galactic nuclei and, according to the current ”AGN
paradigm”, the properties of the nuclear activity can always be reproduced by slightly mod-
ifying, rather than completely revising, this basic picture. Changes in the angle at which the
AGN is observed, in the spin and mass of the black hole, in the accretion rate, and in the
kind of interactions between the source and the surrounding medium, account for the various
types of AGN (Ferrarese & Ford, 2005), leading to the unified scheme.
1.4 Classification and the unified scheme
A basic and extreme distinction is between radio-loud and radio-quiet AGN.
The first ones are characterized by prominent radio jet and/or lobe emission and they are
roughly 15´ 20% of AGN (Urry et al., 1995). The twin jets have relativistic motion, at least
near to the central source, that produces synchrotron emission. This configuration leads to
radio galaxy and radio quasar classification.
However, if the jet opening angle is small, that is the jet is pointing towards the observer’s
line of sight, then a relativistic effect will change its features beaming the emission into a cone
whose aperture depends on the jet speed. This effect is known as relativistic beaming and in
this case, the observer will see a blazar.
The presence of a relativistic jet constitutes a fundamental distinction between various types
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of AGN, simply because an anisotropic and strongly Doppler-boosted jet emission can dra-
matically affect the observed properties of a source.
Radio-quiet AGN are usually classified according to their luminosity and/or optical spectra
features:
• Seyfert galaxies, with optical nuclear continuum emission; they can have strong nuclear
X-ray emission and a weak radio jet without extended lobes. They are divided into two
types: Seyfert 1, which present also broad emission lines, and Seyfert 2, which present
only narrow lines. The host galaxies are usually spiral or irregular galaxies;
• Radio-quiet quasars (RQQ), called also quasi-stellar objects (QSO), are more luminous
than Seyfert galaxies. RQQ always show strong optical continuum emission, X-ray
continuum emission, and broad and narrow optical emission lines. Their host galaxies
can be spirals, irregulars or ellipticals. Among them, it should be mentioned other
two classes: broad absorption lines (BAL) quasars, which are approximately 10% of
the QSO population (Gallagher, 2002) and exhibit deep, broad absorption lines from
high ionization ultraviolet resonance transitions and infrared (IR) quasars, characterized
by luminosities in the infrared band ą 1012Ld (also known as ULIRG, that is Ultra
Luminous IR Galaxies; Hao et al., 2005);
• Low-Ionization Nuclear Emission Regions (LINERs), characterized by low luminosity
and strong emission lines especially from low-ionization stages, more than in Seyfert
galaxies. In term of activity, LINERs are on the borderline and it is still a matter in hand
whether these galaxies are truly active or not.
Radio-loud AGN are divided in:
• Radio-loud quasars (RLQ), similar to RQQ with the addition of emission from a jet,
together with nuclear and often extended radio emission;
• BL Lac objects, quasars distinguished by lack of strong emission or absorption lines in
their spectra are named after their prototype, BL Lacertae. They are characterized by a
large and extremely rapid variability in optical and radio brightness within a few days.
If, in addition, they present stronger emission lines, they become optically violently
variable (OVV) quasars. These and the BL Lac objects are collectively known as blazars.
Note that all known blazars are radio-loud and they appear as the most luminous objects
in the Universe;
• Radio galaxies, with both nuclear and extended radio emission found essentially always
in elliptical galaxies. On the base of optical spectra, two types of radio galaxies were
classified: broad-line radio galaxies (BLRG) and narrow-line radio galaxies (NLRG).
They were also distinguished into two luminosity classes with distinct morphology (FR
1 and FR 2; see the ”Radio galaxies” section).
In addition, an empirical classification is based on the observed properties of their optical
and ultraviolet spectra. It allows a separation of AGN into three types (tab. 1.2) that may be
explained by simple geometrical effects involving anisotropic obscuration of the active center
viewed at different inclination with respect to the accretion disk axis (Antonucci, 1993):
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Figure 1.5. The AGN taxonomy first created by Krolik (1999) and then updated by De Gasperin
(2012). The comparison is made also with normal and stardust galaxies.
Note that BL Lac and OVV are called Blazars and radio-quiet quasar are sometimes called QSO.
• Type 2 have permitted and forbidden lines from low-ionized and low-density gas, with
typical line widths ď 103 km s´1 ;
• Type 1, in addition, have permitted lines from a higher density region, with typical line
widths » 104km s´1 and strong variable featureless continua;
• Type 0 have unusual characteristics due to relativistic beaming.
The point is that AGN look differently from different aspect angles, due to the presence of the
obscuring torus or warped disk (type 2) and the eventual presence of jets, whose plasma is
relativistically beamed (type 0). From type 2 to type 0 the angle respect to the line of sight is
decreasing: from 90 to 0 degrees, in other words the observer look towards the torus for type
2 and looking towards the jet axis for type 0.
An other feature that does not depend on the object itself, but on the observation, is the
possibility to see the host galaxy: when the host galaxy is visible, the AGN is called Seyfert
galaxy, whereas when it is not, it is called quasar. Seyfert nuclei are on average two orders of
magnitude less powerful than quasars, so the luminosity of the AGN does not overwhelm the
starlight and it is possible to see the host galaxies.
For years, it has been looking for a single and basic model that would explain the diversity
observed among active galaxies.
The current scheme is based on the orientation of the AGN, instead of its physical properties,
because its appearance depends strongly on the angle respect to the observer. The orientation
relative to the line of sight is crucial for the variety in AGN types, therefore the distinctions
are based on an observational construction.
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Figure 1.6. Representation of an AGN with jets, adapted from Fermi GLAST image
(http://www.nasa.gov/fermi).
This shows how much our classification of AGN depends on the angle respect to the line of sight.
1) At 0 degrees, looking down the jets, the emission is dominated by high-energy photons (X-rays,
gamma rays) and the AGN is a Blazar. As an example, it is shown the gamma-ray image of 3C279,
one of the brightest gamma-ray object in the sky; the faint source just above to the upper right is
blazar 3C273 (Instrument: CGRO EGRET, credit: EGRET team, NASA/GSFC).
2) Viewing from a different angle, the linear jets are clear and the central source is detectable in
X-rays down to radio. As an example, it is shown the radio image of Centaurus A, a nearby radio
galaxy (Instrument: VLA, credit: NRAO/AUI).
3) When seen from the side, the relatively weak emission from the lobes becomes apparent and huge
clouds of radio-emitting gas are seen over 100 kpc from the black hole. The central region can be seen
as just a point-like source. As an example, it is shown the radio image of the radio galaxy Cygnus A,
one of the strongest radio sources in the sky (Instrument: VLA, credit: NRAO/AUI).
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Type Features Radio-loud Radio-quiet L
2 narrow emission NLRG FR1 Seyfert 2 Low
lines and weak continua NLRG FR2 IR quasars High
1 broad emission BLRG FR2 Seyfert 1 Low
lines and bright continua RLQ RQQ High
0 unusual spectral characteristics Blazars BAL quasars
Table 1.2. AGN taxonomy based on optical emission line properties. Note that from type 2
to type 0 the angle respect to the line of sight is decreasing.
L = luminosity
NLRG = Narrow Lines Radio Galaxy
BLRG = Broad Lines Radio Galaxy
FR = Faranoff-Riley
IR = Infrared luminous
RLQ= Radio-loud quasars
RQQ= Radio-quiet quasars (or QSO=”quasi stellar object” that is a term still occasionally
used)
BAL = Broad absorption lines
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1.5 Radio galaxies
Galaxies which are identified with strong radio sources in the range of (1041 ´ 1046) erg ¨ s´1
are generally referred to as radio galaxies.
Two types of radio galaxies have optical spectra of the sort that we identify with AGN activity:
broad-line radio galaxies (BLRG) and narrow-line radio galaxies (NLRG). They show bright
optical emission lines in their spectra: the first are characterized by very broad H and He
features with line widths up to 25000km/s, whereas the latter show typical line widths of
1000 km/s, including both forbidden lines (O, N, S, Fe) as well as the Balmer lines.
BLRG and NLRG are considered the radio-loud counterpart of Seyfert galaxies (respectively
type 1 and 2), in terms of basic phenomenology. As a class, they have a number of differences
from Seyferts, one of this is that they appear to occur in elliptical galaxies rather than spirals.
In fact, strong radio sources are typically identified with giant elliptical galaxies, although
some of the brightest radio sources are associated with quasars.
In nearly every case, in the host galaxy there is evidence of a significant departure from the
simple structure expected in an elliptical. One can see the presence of disk-like structures,
spiral arms and on occasion multiple nuclei (Mahabal et al., 1999).
In radio galaxies it is possible to find different types of radio features:
• lobes, large-scale structures on either side of the host galaxy, fairly symmetrical and
ellipsoidal where there is back-flow of the shocked jet material (perhaps mixed with the
surrounding extragalactic gas); they are often several hundreds kiloparsecs in length
and can be separated from the galaxy by a similar distance; the stronger the radio
source, the bigger the lobes tend to be;
• plumes, much more elongated, present in low-luminosity sources;
• hotspot, typical of high-power radio sources, are small and high surface bright regions
where a jet meets the ambient medium and decelerates through a shock transition; often
spots of infrared or optical continuum emission can be detected in the same region of a
radio hotspot;
• jets, long narrow collimated structures coming from close to the active nucleus and
going to the lobes; they can be smooth or characterized by discrete blobs, called knots.
The radio emission structure can be classified as extended or compact: the extended structure
is transparent, whereas the compact one has a so high electron density that the source becomes
opaque to its own radiation (see self-absorption in the ”synchrotron emission” section). The
first have steep spectra and they are typical of long-wavelength radio surveys, whereas the
latter have flat spectra and are most easily detected by radio surveys at short wavelengths.
The active nucleus is seen as a core radio source, only a few parsecs across. The cores, in
contrast to the lobes, are brightest at higher radio frequencies. Therefore, if a source is lobe-
dominated has a dominating extended structure, whereas a source is core-dominated has a
dominating compact structure.
The conventional measure of radio loudness is the ratio between the specific flux in the radio
band and the optical band:
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R =
Frν
Foptν
(1.2)
where the wavelength chosen for Foptν is 4400 Å.
When the flux is characterized by extended lobes, the spectrum is well determined by this
power law:
Fν 9 να (1.3)
where α is the spectral index. It is in the range from -1.3 to -0.5 for extended radio features
(Verschuur & Kellermann, 1988). The spectrum usually becomes more steep at high frequency.
The spectrum results flatter in core-dominated sources. However, the correlation between
morphology and spectrum is not always valid.
It is important to note that the numbers of flat and steep sources depend on the selection
effect: low-frequency detection finds more steep spectra, while high-frequency flatter spectra.
Moreover, steeper sources tend to be at higher redshift.
In all resolved radio structure, the radiation is linearly polarized until few tens of percent.
The polarization direction depends on the position within the source, so different angular
resolution can measure different fractional polarization.
1.5.1 FR1 vs FR2
Radio galaxies have been distinguished into two luminosity classes with distinct morphology
by Faranoff and Riley (1974). They noticed that the position of high and low surface brightnes
regions in the lobes of extragalactic radio sources is correlated with their radio luminosity.
The luminosity distinction is based on the value at radio frequency of 178 MHz: L178 »
2 ¨ 1025W Hz´1 (Urry et al., 1995). Actually, this is clear in the optical as well as in the radio
range.
An other distinction is due to the morphology of the radio jets. FR1 and FR2 both have pairs
of jets, but FR2 jets are more collimated with large and diffuse radio lobes characterized by
strong hotspots and/or bright edges. The morphology of the FR1 is not so well defined,
with atypical radio structures, like edge darkened plumes; anyway, this class shows a lack of
hotspots but a compact emission arising from close to the core and then growing dimmer. In
fact, the surface brightness of the lobes decays going away from the galaxy, contrary to that
in high-power sources. Moreover, the jets are often bent. In fact, FR1 are usually found in
clusters where the ambient medium with the low-velocity jets creates distortions, oscillations
and curvatures, whereas FR2 are often isolated or in poor groups of galaxies.
To summarize:
• FR1 are low-luminosity with Lr ă L178, but, at a given radio luminosity, are more
optically luminous; a jet can be seen on both sides of the nucleus but the sources become
fainter approaching the outer edges of the lobes; FR1 sources are associated with bright,
large elliptical galaxies (D or cD) that have a flatter light distribution than an average
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Figure 1.7. Example of four FR 2 radio galaxies. Observed data are points and the dashed line
indicates slope of spectral index equal to -0.7. (Jackson & Wall, 2001)
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Figure 1.8. At the top, it is shown the radio galaxy 3C31 as an example of FR 1 type
(Instrument: VLA, 20 cm). FR 1 class presents jet dominated emission, two-sided jets and
they are typically found in clusters and weak-lined galaxies.
At the bottom, it is shown the radio galaxy 3C175 as an example of FR 2 type (Instrument:
VLA, 6 cm). FR2 class presents lobe dominated emission, one-sided jets with relativistic
velocity on all scales and they are found isolated or in poor groups in strong emission lines
galaxies.
What suddenly strikes is the different morphology of the jets: 3C31 presents bending jets
and irregularly shaped plumes, which stretch to a distance of 300 kpc from the center of the
galaxy; 3C175 has collimated jets terminating in brighter lobes with hotspots. Actually, only
one of the jet is visible in 3C175, the jet that is pointing toward the observer line of sight,
with an extension of the order of Mpc (the entire radio source is approximately 200 Mpc
end-to-end and the bright central source is the optical quasar (z = 0.77).).
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Figure 1.9. FR1 and FR2 classes, 1 and 2 respectively, as a function of radio luminosity at 1400
MHz (W ¨Hz´1 radio units) and optical absolute magnitude in R band (Owen & Ledlow, 1994). For
a given radio luminosity, there is an optical luminosity limit that separates the two types of source.
elliptical one and are often located in rich clusters with extreme X-ray emitting gas
(Owen & Laing, 1989; Prestage & Peacock, 1988). As the galaxy moves through the
cluster, the gas can distort the radio structure through ram pressure, which explains
why narrow-angle-tail or wide-angle-tail sources appear to be derived from the FR1
class of objects;
• FR2 are high-luminosity with Lr ą L178, but, at a given radio luminosity, are less opti-
cally luminous; the jets are brighter than those in FR1 but weak compared to the lobes
and they are often one-sided. FR2 sources are generally associated with galaxies that
appear normal, except that they have nuclear and extended emission line regions. The
galaxies are giant ellipticals, but not first-ranked cluster galaxies.
The distribution of FR1 and FR2 radio galaxies as a function of their optical and radio lumi-
nosity is shown in figure 1.9. As found out by Owen and Ledlow, there is a clear diagonal
division of the types that means the radio luminosity at the division between the classes in-
creases with optical luminosity. The diagonal boundary is given approximately by Lr9L2opt.
When the two-dimensional distribution of points is projected onto the radio luminosity axis,
the two types remain separated but with some mixing at the boundary. Sources fainter than
this limit are FR2, while those brighter than it are FR1.
Focusing on the emission of the nucleus, Chiaberge (2000) found a correlation between radio
and optical nuclear luminosity for FR1. This means that they have not a torus, whereas FR2
do have. These radio galaxies could be inherently different sources, caused by a different
efficiency in the accretion process.
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Figure 1.10. Classical double radio galaxy 3C452 (Instrument: GMRT, 1314 MHz)
1.5.2 Radio structure and emission
Names are given to several particular types of radio source based on their radio structure:
• Classical double
refers to a FR2 source with regions of synchrotron-emitting plasma that can extend to
thousands of kiloparsecs terminating in clear hotspots, as shown in fig. 1.10. These
radio galaxies are thought to be powered by narrow collimated jets. Regions of low
surface brightness emission lying between the galaxy center and the hot spots, called
radio bridges, are believed to be a result of the accumulation of relativistic particles
accelerated at the hot spots over the lifetime of an FR 2 source that form a low-density
cocoon around the jet (Kharb et al., 2008)
• Fat doubles
are sources with diffuse lobes but neither jets nor hotspots. Such sources may be relics
whose energy supply has been permanently or temporarily turned off. Fat double lobes
in this giant radio source are a result of the ejection and deposition of synchrotron
plasma over a wide range of angles over time rather than the expansion of relic lobes.
(Subrahmanyan et al., 2006)
• Tailed radio galaxies
have the same morphology of that in double radio galaxies but distorted by motion
through an intracluster medium; in fact, these sources occur in clusters of galaxies,
preferentially in high-density regions of the intracluster medium, where the X-ray in-
tensity is high. Even cluster mergers were made responsible for the formation of tails,
which always occurs in their radio emission 7, usually far beyond the optical extent of
their host galaxies. Tailed radio galaxies, whose examples are shown in figure 1.11, can
be subdivided into wide-angle (WAT) and narrow-angle tailed (NAT) types, referring
to the opening angle between the two opposite jets emanating from the nucleus of the
7It is important to remember that these object are totally different from optical tails due to tidal
interactions shown in normal galaxies
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Figure 1.11. On the left side, prototypical WAT source 3C465 at the center of the rich Abell
cluster of galaxies A2634 (Instrument: VLA, 20cm)
On the right side, NAT source NGC1265 (Instrument: VLA, 20cm).
optical galaxy.
Wide-angle tail (WAT) normally refers to a source intermediate between standard FR1
and FR2 structure, with efficient jets, in case hotspots and with plumes rather than
lobes. It is usually found in clusters, whose radio jets have been bent into a ”large
C shape”, and there is a significant interaction the intracluster environment. In fact,
the jet bending can be interpreted as the action, on the jets, of ram pressure from the
high velocity motion of the associated active elliptical galaxy through its surrounding
intracluster medium (ICM). This interpretation was first developed by Begelman, Rees,
Blandford (1979) and applied by a number of investigators (e.g. Pinkney et al., 2000). In
addition to ram pressure, buoyancy forces were introduced to explain this phenomenon:
if the jet density is lower than the density of the surrounding medium, buoyancy forces
will drag the jets towards regions of the ICM where the densities are equal (Smolcˇic´ et
al., 2009).
Narrow-angle tail (NAT) or head-tail (HT) source describes an FR1 with a high bright-
ness head that coincides with the nucleus of a giant elliptical galaxy and an elongated
radio tail that often extends for several hundred kiloparsecs. Above all, it appears to be
bent by ram pressure as it moves through a cluster. In fact, a NAT is almost always asso-
ciated with a cluster of galaxies. The combination of high ambient density and modest
speeds of the host galaxy with respect to the ambient medium are able to produce the
bends.
However, the distinction between WATs and NATs depends strongly on the angular res-
olution and the distance to the radio source. A classic example is the tailed NGC 1265,
which may be called a WAT at high resolution, but appears as a NAT at lower resolution.
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1.5.3 Radio jets
Powerful and collimated jets of relativistic particles are found in radio-loud sources, that are
» 10% of AGN. They can extend up to hundreds of kiloparsecs or even megaparsecs further
away from the host galaxy, providing an important mechanism for redistributing matter and
energy on large scales affecting galactic evolution.
The term ”jet” for an extragalactic object was first used by Baade and Minkowski in 1954 to
describe an ”apparent flow” of optical knots from the core of M87, recalling droplets in a
fluid. After that, radio detection of these optical structures led to a description of radio jets,
as narrow features between compact central core and extended lobes. Actually, jets are most
prominent in radio band observations, thanks to the resolution obtained by long baseline in-
terferometry.
Jets are formed by an outflow of energetic and collimated plasma, which emanates from the
region near the active nucleus. They appear with different aspects in length, curvature and
morphology, sometimes due to projection effects. On the other hand, they are always charac-
terized by a broad and non-thermal continuum from the synchrotron emission from particles
in the jets.
What supports the idea that jets are formed with a process common to all extragalactic radio
sources is that they can be found in sources of all luminosities, size and structures.
The existence of powerful and extended extragalactic radio objects implies the presence of a
great energy reservoir and the possibility to transfer and then carry this energy into space.
What makes a narrow feature a jet is (Bridle & Perley, 1984):
• its length, which must be at least four times as long as its width;
• the possibility to separate at high resolution the jet from other extended sources, if any,
either by brightness contrast or spatially;
• its alignment with the compact radio core in proximity to it;
• if made of knots, they must be more than two or elongated along it.
A distinction in morphology is the sidedness of the jets, in other words whether the jets are
seen on both sides of the nucleus or only on one side. Then, they can be one-sided (like M87),
two-sided (like 3C31, fig. 1.8 at the top) or one-sided at some distance from the active nucleus
and then two-sided (like 3C129, fig. 1.12).
The most plausible mechanisms for powering extragalactic jets involve material being drawn
inward by the strong gravitation of the black hole forming rapidly-spinning flat disk. Here, it
occurs the extraction and conversion of the black hole rotational energy through the Blandford-
Znajek (BZ) process (1977), whereby magnetic field lines cross the black hole event horizon,
reconfiguration themselves in a helical configuration and launch outflows along the disk axis.
In fact, a fundamental parameter is the magnetic field configuration: when the bulk of torus
material reaches the innermost region close to a central black hole, a magnetically driven jet
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Figure 1.12. Wide-field 90 cm image of the large narrow-angle tail radio galaxy 3C129. The bright
source on the left is 3C129.1 (Lane et al., 2002).
emerges. This magnetic jet is derived by vertically inflating toroidal fields with poloidal (ver-
tical) fields, in a sort of magnetic tower (Kato et al., 2003). The collimation width of the jet
depends on external pressure, pressure of ambient medium.
The more recent models assume a spinning black hole as a required in the BZ process as the
fundamental ingredient for a jet (McKinney, 2006). In addition, an orbital angular momentum
of the accretion flow antiparallel (retrograde) rather than parallel (prograde) respect to the
black hole spin is more likely to form the jet (Garofalo, 2009).
As the disk spins, magnetic field lines are twisted tightly and then channel the electrically-
charged particles into a pair of narrow jets. The geometry is called bipolar, meaning a jet
symmetry between the sides of accretion disk. In order to collimate them, the accretion disk
also launches a wind via the Blandford-Payne (BP) mechanism (1982). This BZ/BP combi-
nation forms a spine/sheath morphology, in which a narrow, electromagnetic, and initially
non-radiative jet from the black hole is surrounded by a slower outflow originating from the
inner disk. The jet acceleration probably occur gradually going away from the disk, otherwise
in the inner region the jet particles would lose energy through inverse Compton scattering
with the photons of the dense radiation field.
Inside the jet, shock waves produce high-energy electrons that spiral around the magnetic field
lines and radiate by the synchrotron process, creating the observed radio, optical and X-ray
knots on kiloparsec scales. The features in all the different bands are often closely aligned, as
proved by the M87 jet (fig. 2.2). After dissipation for viscosity thermal emission in UV, optical
and IR bands and IC emission from the hot corona above the disk.
Physical models of extragalactic jets is hampered by the impossibility of measuring directly
important parameters, such as velocity of the jet. No emission lines are seen from the outflow
of jet material, so Doppler shifted cannot be used. Moreover, there is little information on
density, internal energy, composition8 and magnetic field in the jet material.
8A matter in hand is the composition of jets: is to be preferred a leptonic or hadronic model for
the acceleration of relativistic electrons? The presence of ultra-relativistic hadrons (mostly protons)
in the plasma can influence the kinetic energy, while the presence of leptons influences the observed
emission. The present model includes both protons and leptons forming the jet plasma.
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Moreover, no observations to date have had the angular resolution required to detect and
confirm structure on these scales (below 1 mas, Doeleman et al., 2012).
Objects that have jets resembling AGN jets, though on a much smaller scale, can be found in
the Milky Way. They are known as microquasars: X-ray binary systems formed by a stellar
black hole accreting mass from its companion star.
The first and famous microquasar discovered is SS 433, whose well-observed jet has a velocity
of 0.23 c (subliminal relativistic microquasars 9). It is also the only case among astrophysical
jet where baryonic component is directly observed.
However, its most important characteristic is that the jet formation seems to occur when radio
intensity increases roughly linearly with X-ray intensity. Then, superluminal knot ejection
occurs and after that the jet apparently turns off.
Recently, it has been found a correlation in the radio-loud Seyfert galaxy 3C 120 between
the time of the X-ray drops and the knot ejections of bright superluminal knots and between
the total energy radiated in a radio flare was related to the equivalent width of the corre-
sponding X-ray drop (Chatterjee et al., 2009). This behavior is strongly suggestive of a disk-jet
connection analogous to the that in the galactic microquasars (Beckmann and Shrader, 2012).
1.5.4 Relativistic beaming and superluminal motion
There are many strong arguments in support of bulk relativistic motion in the jets of AGNs
(Kharb, 2004):
• the highly variable flux densities of BL Lacs and OVV quasars can be explained by
shortened time scales, over and above the time dilation effect, due to relativistic beam-
ing;
• the one-sidedness of kpc-scale jets in the high-luminosity FR 2 and pc-scale jets in the
low-luminosity FR1 AGN can be accounted for by Doppler boosting of the approaching
jet and Doppler dimming of the receding jet;
• the Laing-Garrington effect (Laing, 1988; Garrington et al., 1988) that is the depolariza-
tion asymmetry observed in high-luminosity FR 2 shows that the observed jet is on the
same side as the less depolarized lobe, indicating that it is nearer to the observer. It
has also been observed, although less strong, for the low-luminosity FR 1 which have
slower moving jets on kpc-scale but still have mildly relativistic pc-scale jets;
• the Compton catastrophe (see section ”Other processes: inverse Compton and Bremsstrahlung”)
predicts SIC X-rays is much greater than observed X-ray flux densities telling that the
true synchrotron photon density must be lower than what is inferred from assuming
isotropy, meaning the emission is beamed.
A consequence of bulk relativistic motion is the intensity enhancement or ”Doppler boosting”
effect (Rybicki & Lightman, 1979):
Iobsν = δ
3 Iν
9It exists also an other kind of microquasars with relativistic superluminal jets, like GRS 1915+105
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If the emission is isotropic in the source rest frame, the flux density, Fν is given as:
Fobsν = δ
3+αFν
where
δ ” 1
γ(1´ βcosθ)
is the kinematic Doppler factor of a moving source, where γ = (1´ β2)´1/2 is the Lorentz
factor and β = v/c. The Doppler factor has a strong dependence on the viewing angle. The
emission is concentrated at angles θ ď 1/γ from the direction of motion. This effect is called
”beaming”.
An indirect measure of jet speed is provided by the side-to-side brightness ratios for the jet
and the counterjet:
Rjet = (
1+ βcosθ
1´ βcosθ )
2+α
its value can range from a few to several tens in case of strong asymmetry.
Proper motion of bright knots, which are moving away from the active nucleus, is commonly
detected using very long baseline interferometry. One of the best studied superluminal radio
sources is the blazar 3C 279 (fig. 1.14). The apparent velocities projected on the sky is superlu-
minal, in other words bigger than the speed of light c. This is thought to be the result of a jet,
with a speed close to c, at a small angle respect to the observer’s line of sight. The apparent
superluminal motion is, in fact, a geometric effect (fig. 1.13).
Considering an AGN emitting plasma blob with a velocity v at an angle θ respect to the line
of sight at a given time t1. The observer will measure the event at a time tobs1 . After a time
interval τ, at a given time t2 the blob will have traveled a distance ∆x = vτ. The observed
distance is ∆xobs = vτsinθ. Knowing that the distance between the AGN and the observer is
D, the observed time are:
tobs1 = t1 +
D + vτcosθ
c
tobs2 = t2 +
D
c
(1.4)
thus, for the observer the time interval for the blob movement is:
∆tobs = tobs2 ´ tobs1 = τ(1´ βcosθ) (1.5)
and the observed speed, included in βobs, is:
βobs =
vobs
c
=
∆xobs
c∆tobs
=
βsinθ
1´ βcosθ (1.6)
Therefore, if the jet is oriented such that, for example, θ = 110 and β of the jet = 0.999, then
the βobs = 10c.
1.5.5 Ultra high energy cosmic rays
Active galactic nuclei and, in particular, radio galaxies have been proposed as sites that can
provide acceleration of charged particles up to ultra high energies that range from 1018eV to
above 2 ¨ 1020eV, surely originated outside of the Galaxy. Particles could be accelerated in the
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Figure 1.13. Apparent superluminal motion results when the radiating source is moving so fast that
it nearly catches up with its own radiation.
Figure 1.14. A time sequence of five model VLBI maps of 3C 279 at 22 GHz between 1990 and 2000.
The map resolution is 0.2 mas, with a lowest contour at 50mJybeam´1 and subsequent contours
increasing by factors of 2. Each component, marked with X, is assumed to move with a constant
apparent velocity of 5c with respect to the core of the jet marked with + (Lindfors et al., 2006).
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black hole magnetosphere, in the inner jets, in the radio lobes, in the hotspots and in clusters
of galaxies (Kotera & Olinto, 2011).
Ultra high energy cosmic rays (UHECR) acceleration should lead to a unique signature in
the gamma-ray spectrum of AGN due for instance to proton synchrotron and photo-hadronic
interactions that induce pair cascades. This is still matter of debate and research for many
experiments. The Pierre Auger Collaboration in 2007 found a correlation between the arrival
directions of cosmic rays (E ą 6 ¨ 1019eV) and the positions of active galaxies within » 75 Mpc.
It has been investigated whether regions like radio lobes can accelerate directly UHECR of
» 1020eV. Centaurus A lobe (r » 100kpc, B » 1µG) satisfies the Hillas argument (Hillas,1984),
which states that the maximum particle energy that can be accelerated inside a region is:
E = Z e B rL9Z B106G
rL
10´2kpc [eV]
where rL is the Larmor radius of the accelerated particles and Z is the atomic number.
Even Virgo A lobes (r » 20kpc, B » 10µG) satisfies this argument, but plasma in the lobes
are required to be predominantly relativistic and this is probably not the case of M87, as
will be shown later. Moreover, no events were detected in its direction by the Pierre Auger
Collaboration, whereas it has been found a small excess in the direction of Centaurus A.
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1.6 Cluster of galaxies and the intracluster medium
Cluster of galaxies are the largest gravitationally bound systems in the Universe: they cover
linear sizes of some Mpc and are characterized by masses of » 1015Md, appearing different
from field galaxies in their morphological type and color. A general difference in the emission
of field radio galaxies and cluster radio galaxies have been first observed by De Young (1972).
The former emit almost without interferences from the surrounding environment, while the
emission of the latter is strongly disturbed by the interaction with the intracluster medium
and with other cluster galaxies. In the local universe, » 90% of the member of core regions
of rich clusters consists of ellipticals and lenticular (S0), while spirals dominate in the field
(Dressler 1980). This could mean either that galaxies form differently in dense environments
or that galaxies are affected by their surroundings.
A cluster contains a number of galaxies between few tens and thousands, an intracluster
medium (ICM) that fills the space between galaxies (Forman et al., 1972) and dark matter
(DM), whose presence, firstly suggested by Zwicky (1937), is indirectly inferred from optical
and X-ray observations.
Overall, galaxies, ICM and DM account respectively for (3´ 5)%, (15´ 17)% and 80% of the
total mass of the cluster (Vacca, 2012).
According to the hierarchical model of structure formation, clusters originate from the gravi-
tational merger of smaller groups of galaxies. In these mergers a large fraction of gravitational
energy is dissipated in the ICM, generating shock, turbulence and bulk motions, and heating
it (Govoni & Feretti, 2004).
Galaxy clusters have been observed in the X band because of the ICM emission and also in
the radio band because of the emission of their galaxies and in some cases a wide diffuse syn-
chrotron radio sources which have no obvious connection with the cluster galaxies, but are
rather associated with the ICM. This emission requires a population of relativistic electrons
with » GeV energies and cluster magnetic fields on µG levels and the sources are called radio
halos, relics, or mini-halos according to their morphology and location. These sources show
low surface brightness, large size and steep spectrum, thus they are difficult to reveal.
Therefore, an indirect evidence of the existence of cluster magnetic fields comes from the dif-
fuse radio emission and a probe of the existence of a population of relativistic electrons in the
ICM can also be obtained from the detection of non-thermal emission.
The intracluster gas is:
• hot with a temperature » (107 ´ 108)K, which corresponds to an energy » (1´ 10)keV;
• low-density with an electron density » (10´2 ´ 10´3)cm´3 in the central regions that
decrease to 10´4cm´3 in the outskirts;
• mainly composed by hydrogen and helium, with traces of heavier elements, kept in an
ionized state because of the extremely high temperatures.
In the hypothesis that the ICM is isothermal and in hydrostatic equilibrium, its distribution
can be described through a model, called β-model from the parameter that defines the ratio
between the specific galaxy and gas kinetic energy:
β =
σ2µmp
kT
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where σ is the galaxy velocity dispersion, assumed to be isotropic. The X-ray brightness
distribution corresponding to this thermal gas distribution is:
SX(r) = S0[1+ (
r
rc
)2]´3β+
1
2
where S0 is the central X-ray brightness, r is the distance from the cluster X-ray center and rc is
the cluster core radius that identifies the linear size of the central part of the cluster,. In fact, the
intracluster medium is detected through its luminous X-ray emission (LX » 1043´45erg s´1),
produced by thermal bremsstrahlung process.
At radio wavelengths, the interaction between galaxies and the intracluster thermal gas is
responsible of distortion in the morphology of the galaxies.
The interaction between galaxies moving at velocities vgal and ICM with density ρICM is driven
by a ram pressure Pram = ρICMv2gal . The ICM exerts also a static pressure on the lobes equal to
2nekT.
A dramatic example of the interplay between elliptical radio galaxies and intracluster medium
is given by the tailed radio galaxies and by the X-ray cavities filled with non-thermal plasma.
The observation of an X-ray cavity was firstly made in the Perseus cluster near NGC 1275
(Fabian et al., 1981) and led to an important clue for the interaction between radio galaxies
and the surrounding medium. Then, this kind of cavities have been observed in 75% of galaxy
clusters with strong cooling core or that need some form of heating at the center (Dunn et al.,
2005). They are generated by pressure due to the synchrotron emission of electrons carried by
the jets of the AGN inflating the thermal plasma.
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Chapter 2
M87
M87 is a giant elliptical galaxy (cD) at a distance of » 16.7 Mpc (1 arcsec = 81 pc; Jordán et al.,
2005; Mei et al., 2007) 1. Note that the cosmology effects can be neglected since the position is
within the local region (redshift z ăă 1). This galaxy is near the center of the Virgo cluster 2,
which is the rich cluster nearest to the Local Group.
M87 hosts an active galactic nucleus that is harboring one of the most massive black hole
among the supermassive ones that feeds a prominent one-sided jet, which is the nearest radio
jet in the northern hemisphere. Its viewing angle is » 100´ 190, constraints put by superlumi-
nal motion and Doppler factors (Biretta, Sparks & Macchetto, 1999; Wang & Zhou, 2009).
The jet interaction with the dense intracluster medium forms a complex structure in the kilo-
parsec scale (10 - 100 kpc) with a projected end-to-end length, the halo diameter, of about 80
kpc (Owen et al., 2000), corresponding to » 16 arcmin. The inner region, known as cocoon, is
5 kpc wide (1.3x0.5 arcmin2) and contains the jet which points towards the north-west.
Known as the radio source Virgo A, M87 is one of the nearest radio galaxies. It is usually
classified as a FR 1 galaxy from its radio morphology, since the lobes are brightest closest to
the core, but actually it does not fit properly. It does not possess coherent jets that become
wider and fainter getting farther from the central source and it is just at the FR 1/FR 2 divi-
sion, because its luminosity is L178MHz = 1025 W/m2.
In this sense, it is better to think M87 as a member of amorphous sources characterized by
a steep spectrum, typically found in dense cores of galaxy clusters (Owen et al., 2000). A
summary of its properties is given in table 2.1.
In M87, a mass of the black hole has been measured of (3.5 +0.9´0.7) ¨ 109Md from gas-dynamical
models (Walsh et al., 2013) 3.
1The cosmology adopted is the standard ΛCDM cosmology: matter density ΩMh2 = 0.127+0.007´0.013
where h ” H0100 km´1 s Mpc = 0.73˘ 0.03 where H0 is the Hubble constant (Spergel et al., 2006).
2To be precise, M87 is in the center of the more massive northern part of the Virgo cluster.
3They map out the kinematic structure of the emission-line disk within about 40 pc from the nu-
cleus, including the study of emission-line profiles through the Space Telescope Imaging Spectrograph
observations from the Hubble Space Telescope. This accords well with independent calibrations, such
as M‚ ´ σ relation where σ is the bulge stellar velocity dispersion and M‚ ´ bulge luminosity relation.
These are empirical relationships between the mass of the black hole, whose gravitational influence
is limited to a very small region at the center of the galaxy, and the large-scale properties of the host
galaxy.
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Object names Messier 87
NGC 4486
Galaxy classification cD
Associated radio source Virgo A
3C274
Equatorial coordinates (J2000) RA 12h 30m 49.4s
DEC +120 23’ 28”
Galactic coordinates l = 283.7777978
b = 74.4911308
Redshift z = 0.004283˘ 0.000017
Distance 16.7˘ 0.6 Mpc (Blakeslee et al., 2009)
Class FR 1 radio galaxy
Cluster Virgo cluster (X-ray cluster)
djet 1.8 kpc
Table 2.1. Basic data for M87, from NED.
cD = subtype of D-type giant elliptical galaxy, also known as supergiant ellipticals or cen-
tral dominant galaxies, because they are generally found in the central parts of clusters of
galaxies, with excess luminosity in their outer parts
J2000 = currently-used standard epoch
RA = Right Ascension, measured in hours, minutes and seconds
DEC = Declination, measured in degrees, arcminutes and arcseconds
l = galactic longitude
b = galactic latitude
djet = projected length of the brighter jet in kpc (Bridle & Perley, 1980).
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Figure 2.1. M87 at different scales: on the left, the radio halo of M87 at 90 cm (VLA), on the upper
right the inner region at 20 cm (VLA) containing the famous jet and on the bottom right gas disk in
nucleus of active galaxy M87 (Optical band 658 nm; instrument: Hubble Space Telescope Wide Field
Planetary Camera 2, STScI).
Note that to see different scales is necessary to observe at different bands. The radio halo is visible
only at low radio frequency, whereas the jet is visible at high radio frequency. The optical resolves the
jet and the gas disk.
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Using the mass measurement, the Schwarzschild radius of the M87 black hole can be esti-
mated:
RSCH = (1.038˘ 0.002) ¨ 1015 cm = (3.363˘ 0.006) ¨ 10´4 pc
subtending an angle of (4.15˘ 0.15)µas.
The jet and the halo have been intensively observed in the radio on scales from 0.1 pc to 80
kpc. The analysis covers wavelengths between 90 cm and 7 mm with the VLA ( Biretta et
al., 1995; Owen & Biretta, 1999; Owen et al., 2000) and with VLBI ( Reid et al.,1989; Biretta &
Junor, 1994; Ly et al., 2004; Dodson et al., 2006). Note that the jet is also a strong optical and
X-ray source (fig. 2.2). M87 has been observed in the ultraviolet and optical bands with HST
( Biretta et al., 1999; Perlman et al., 2003; Waters & Zepf, 2005) and in the X-ray band with
Chandra (Marshall et al., 2002; Forman et al., 2007). It has also been identified with the strong
radio source, Virgo A, and is a powerful source of X-rays as it resides near the center of a hot,
X-ray emitting cloud that extends over much of the Virgo cluster.
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Figure 2.2. The M87 jet is visible in three different bands and rotated to be horizontal (Marshall et
al., 2002).
First panel: radio image at 14.435 GHz (Instrument: VLA). The spatial resolution is about 0.2 arc-
sec.
Second panel: optical image (Instrument: HST Planetary Camera; Perlman et al., 2001). The bright-
est knots are labeled according to the nomenclature used by Perlman et al. (2001) and others.
Third panel: adaptively smoothed image of the X-ray emission from the jet (Instrument: Chandra
X-ray observatory). The spatial resolution is about 0.2 arcsec.
Fourth panel: overlay of optical contours over the X-ray image. The X-ray and optical images have
been registered to each other to about 0.05 arcsec using the position of the core.
The HST and VLA images are displayed using a logarithmic stretch to bring out faint features, while
the X-ray image scaling is linear.
On arcsecond scale, the jet is characterized by many substructures and several knots, the innermost
of which is known as HST-1 (at about 1 arcsec from the nucleus).
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Figure 2.3. Zooming in M87 jet in optical band. Near the nucleus, it can be seen the bright knot
HST-1, first revealed by HST in 1999. It is also active also in the radio and X-ray bands and it
might be the site of very high energy emission from M87. HST-1 is oriented in the east-west direction
forming an angle of» 200 with the jet axis, as detected in e-EVN observations. Its size is in agreement
with a jet opening angle of » 00, confirming the high collimation of the jet in the sub-arcsec region
(Giovannini et al., 2010).
2.1 Gamma-ray
With the advent of Fermi and Cherenkov telescopes, it has been possible to study M87 in the
gamma-ray band from MeV up to TeV energies (Abramowski et al., 2012), therefore M87 is
now a well known gamma-ray-emitting AGN.
Very High Energy (VHE, E ą 100 GeV) emission was first reported by the High Energy
Gamma-Ray Astronomy (HEGRA) collaboration (Aharonian et al., 2003), followed by the
HESS collaboration that also revealed gamma-ray flux variability on timescales of two days
(Aharonian et al., 2009). M87 often shows strong flaring events at TeV energies with rapid
variability timescales (» few days), but constraining the site of this very high energy emission
continues to be a subject of discussion. According to the short timescales that imply a compact
emitting volume, the inner jet region is favored. Therefore, the two most promising gamma-
ray production sites are the nucleus of M87 itself or the bright knot at » 1 arcsec from the
core, known as HST-1 (fig. 2.3). The TeV flare occurred in 2005 was accompanied by radio-to-
X-ray flares from HST-1, whereas, in contrast, the one occurred in 2008 was accompanied by a
strong enhancement of the radio and X-ray core emission while HST-1 did not give any sign
of activity. The latter was in a low state also during the 2010 TeV flare (Hada, 2013). These
conditions led to the conclusion that the TeV flares are likely to originate in the core region.
VHE radiation was detected also by VERITAS (Acciari et al., 2010) and in addition radiation
above 100 MeV was revealed by Fermi/LAT observations (Abdo et al., 2009).
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Figure 2.4. Spectral energy distribution of the core of M87 (green open squares) together with the
MAGIC data points (black filled circles), from Aleksic et al. (2012).
For comparison the H.E.S.S. spectra taken in 2004 (magenta trangles) and 2005 (red open circles)
and the VERITAS spectrum taken in 2007 (cyan filled squares). The green bow-tie and black bow-tie
reports respectively the X-ray spectrum measured by Chandra in 2000 and the the X-ray emission of
the period (2005´ 2007) assuming the same slope and a higher normalization. In the high-energy
gamma-ray range the green open square corresponds to the EGRET upper limit and the orange
diamonds to the Fermi-LAT energy spectrum. The lines report the emission from the spine (red) and
from the layer (blue) and their sum (black).
The Major Atmospheric Gamma-Ray Imaging Cherenkov (MAGIC) collaboration started to
observe M87 regularly in 2005 and several campaigns have followed until 2012 (e.g. Mariotti
et al., 2010). The SED of the core of M87 in figure 2.4 summarizes the results. It shows
two pronounced bumps, one peaking in the IR band that is the synchrotron peak and one
extending from MeV to TeV energies that is the synchrotron inverse Compton peak (see ”Other
processes: inverse Compton and bremsstrahlung”).
2.2 X-ray
At the center of a galaxy cluster the dense gas emits at X-ray wavelengths, cooling quickly in
absence of a heat source. However, an AGN can provide an amount of energy, hence heating
and turbulence, enough to offset the gas cooling. The energetic particles produced in the
vicinity of the black hole rise through the X-ray emitting atmosphere of the cluster, lifting up
the coolest gas near the center of M87. In fact, when a jet plows into the surrounding gas,
a buoyant, magnetized bubble of high-energy particles is created and then rise like hot air
from a fire or explosion in the atmosphere. Its signature is a bright region in radio images
and dark cavity in X-ray images, surrounded by a bright X-ray arc, as it is possible to see in
fig. 2.5, obtained by NASA’s Chandra X-ray Observatory, a space telescope sensitive to X-ray
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Figure 2.5. M87 in a soft X-ray image (0.5 - 1 keV). The image shows the very prominent eastern
and southwestern arms. The long southwestern arm appears to be composed of several filaments with
widths of » 300 pc, whereas the eastern arm can be interpreted as a series of bubbles at different
evolutionary stages as they rise in the circumgalactic medium. The filamentary structures are very
soft and are not apparent at energies above 2 keV. The jet is inside the central region. Instrument:
Chandra X-ray observatory (Credit: NASA/CXC/KIPAC/N. Forman et al., 2007).
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Figure 2.6. A comparison of M87 in different X-ray bands and optical band.
On the left, soft X-ray image that shows filaments and bubbles border (0.5-1.0 keV energy band,
instrument: Chandra X-ray observatory) . At the center, hard X-ray image shows a ring of emission
showing spherical shocks. It is a nearly circular ring of outer radius 2.8’ (13 kpc) which is signature of
a weak shock, driven by an outburst from the SMBH (3.5-7.5 keV energy band, instrument: Chandra
X-ray observatory). On the right, optical image that shows the stellar component. (Forman et al.,
2007)
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emission (Churazov et al., 2001). The gas in the inner 20 kpc show a complex structure: a very
asymmetric distribution and the same extension as the radio halo, which consists of plumes of
fast-moving gas from the jets rising into the hot intra-cluster medium (Ghizzardi et al., 2004).
The halo was first detected with the Einstein Observatory (Fabricant et al., 1980) and then
in 1987 two X-ray bright arms presumably driven by the AGN activity were discovered by
Feigelson et al., who also noted an asymmetry in the emission and a correlation between X-
ray and radio emissions confirmed later by Böringer et al. (1995). In fact, the arms of cool gas
extend to the east and south-west of M87 as the radio emission does in the outflow structure.
As previously said, they are likely to be the result of cooling gas uplift in the wakes of cosmic
rays buoyant bubbles created by previous outbursts, as Churazov (2001) first hypothesized.
Later, Chandra, ROSAT and XMM-Newton observations added more details (Forman et al.,
2005; Forman et al., 2007). Chandra X-ray observations provide two major results:
• filamentary structures of width » 300 pc are seen in the eastern and southwestern arms
in the soft X-ray band (0.5 - 1.0 keV); filaments can derive from buoyant bubbles at
different heights in the atmosphere and different stages of evolution;
• a ring of hard emission (3.5 - 7.5 keV) that is nearly circular with an outer radius ranging
from (11.6 - 13.3) kpc; it is a signature of a weak shock.
It was observed a thermal spectrum for the excess emission, which is cooler than the ambient
gas that is at ě 2 keV (Böhringer et al., 1995). Chandra X-ray images confirmed the hypothesis
that the mechanism causing the buoyant bubbles rise is the injection into the inner halo by the
relativistic jet of high-energy particles through the cooling gas, excluding the first hyphotesis
of X-ray emission trough IC scattering of CMB photons by the same relativistic electrons re-
sponsible for the synchrotron emission. In fact, within a distance of » 20 kpc from the galaxy’s
center, a series of unevenly spaced loops are visible in the hot gas.
X-ray features similar to those seen in M87 have been observed in other cD galaxies in the
centers of galaxy clusters, like Perseus A. This suggests that episodic outbursts from super-
massive black holes in giant galaxies may be common phenomena that determine how fast
giant galaxies and their central black holes grow. As gas in the galaxy cools, it would flow
inward to feed the black hole, producing an outburst which shuts down the inflow for a few
million years, at which point the cycle would begin again (Feng et al., 2004; Forman et al.,
2007).
The X-ray image reveals also the inner region with the bright galactic nucleus and an irregular,
knotty structure of the jet similar to that detected in the radio and optical band (bottom
image in fig. 2.2). However, the knots near the core are much brighter in X-rays than the
farthest knots, relative to the optical and radio bands (Marshall, 2002). The exact reason for
this dimming is unknown, but it is likely to be related to the slowing of the jet, which was
discovered using HST.
Inside the jet, high-energy electrons radiate by synchrotron, creating the observed non-thermal
radio, optical and X-ray emission from knots.
The spectrum and intensity of the X-rays from the galactic nucleus also indicate that this
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radiation is not caused by hot gas produced by material falling into the supermassive black
hole. An hypothesis is a high-energy outflow close to the black hole producing the X-rays
by the same synchrotron process that explains the knots in the jet observed by Chandra.
A particular feature is an X-ray enhancement near the brightest knot in optical and radio,
suggesting a strong interaction between the jet and the X-ray gas in the core of the Virgo
cluster.
2.3 Ultraviolet
The Ultraviolet Imaging Telescope (UIT) observations of M87 resolve the jet that is much
brighter than the galaxy in this band (Greason et al., 1991).
Hubble Space Telescope was used to UV photometry of the jet of M87 (Waters & Zepf, 2005).
These observations are essential for constraining the synchrotron emission and the break fre-
quencies between the optical and X-ray band.
2.4 Optical
The Faint Object Camera on the Hubble Space Telescope revealed considerable detail in the
optical jet (Boksenberg et al. 1992).
Hubble Space Telescope spectroscopy has given strong evidence for a rapidly rotating ionized
gas disk at its center of M87 nucleus, from which the presence of a central supermassive black
hole is inferred (Macchetto et al., 1997).
The optical spectrum is a featureless continuum that follows a power law and is highly polar-
ized. Moreover, HST observations has been used to measure proper motion of the jet knots
revealing superluminal motion (Biretta et al., 1999; Meyer et al., 2013).
Bright knots exhibit flatter spectra than inter-knot regions with maximum flatness in the two
inner jet knots (D-East and HST -1), which contain the fastest superluminal components (Perl-
man et al., 2001).
2.5 Infrared
Ground-based observations of M87 in the mid-IR band revealed emission produced by syn-
chrotron from the nucleus and the brightest knots of the jet (Perlman et al., 2001). The Infrared
Space Observatory (ISO) and the Infrared Astronomical Satellite (IRAS) observed an excess
in the far-IR emission above the synchrotron interpolation from the radio (Haas et al., 2004).
Then, images from 3.6 to 160 µm obtained with Spitzer Space Telescope showed the same
excess from radio to the non-thermal features in the mid-IR and optical.
A controversial issue is the origin of the FIR emission in M87, i.e., the question of whether
the FIR emission is caused entirely by synchrotron emission or whether there is an additional
contribution from dust associated with either the global interstellar medium or a nuclear dust
component. This has been interpreted by Shi et al. (2007) as an effect of warm dust distributed
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Figure 2.7. Optical image of M87 taken with Hubble Space Telescope. The image is a composite of
individual filtered data that cover the visible and infrared portions of the spectrum.
throughout the galaxy with a far-IR luminosity typical of normal giant elliptical galaxies. In
contrast, Base et al. (2010) found that synchrotron emission is an adequate explanation of the
FIR emission with no reason to invoke the presence of smooth dust emission associated with
the galaxy interstellar medium, as advocated by Shi et al. (2007). Seen from the FIR point
of view, M87 is a passive object with a central radio source emitting synchrotron emission,
without a substantial diffuse dust component (Base et al., 2010).
2.6 Radio
The total radio power of the source is 5.37 ¨ 1034h´2 W for the emitted frequency range (10
MHz- 150 GHz) (Herbig & Readhead, 1992) 4.
Radio images of M87 at different scales show different areas of the source: it is possible to see
the entire structure at a wavelength of 90 cm and above, while the jet structure is seen at 20
cm down to centimeter wavelengths, as it will be shown in the following images.
The inner region is visible at 20 cm: here, the radio emission is powered by the jets from
the central black hole inflating giant, bubble-like structures. Decreasing the wavelength, it is
possible to zoom in the jet zone, detecting the region close to the core where the jet is formed
into a narrow beam.
In the formation region, that is a few tenths of parsec of the galaxy’s core, the jet is seen
opening widely, at an angle of about 600 nearest the black hole, but is squeezed down to only
4The bolometric luminosity is calculated at standard rest frequencies Pbol,emit = 4pi(R0r)2(1 +
z)2Fbol,obsh´2 where H0 = 100h kms´1Mpc´1 and R0r is the coming distance to the source.
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Figure 2.8. The image of Virgo A at » 2 m (140 MHz). The image obtained at low radio frequency
with LOFAR confirms the structure as obtained by Owen, with a clear distinction and analysis of the
different regions. The central region containing the jet and inner radio lobes is in the inner cocoon
(de Gasperin et al., 2012).
60 a few parsecs away (Junor, Biretta & Livio, 1999).
In the large-scale images obtained at 2 m (» 140MHz; fig. 2.8, De Gasperin et al., 2012) and
at 90 cm (» 327 MHz; fig. 2.9, Urvashi, 2010), some features of the overall structure can be
distinguished:
• the inner region, frequently called the inner cocoon, is made by the galactic nucleus,
the jet and the inner radio lobes and is contained in the white patch at the center of the
figure 2.8, extending about 2 kpc from the core,with a sharp surface brightness drop
between this region and the east and west outflows. The north-west pointing jet and the
inner structure are not resolvable at this frequency;
• from the inner region toward east and north of west, there are two flows that connect
the inner and the outer haloes; note that the westward flow is initially aligned with
the inner jet but it quickly bends and twists toward south, while the eastward flow is
straightforward until it ends in defined and bright circular lobes. An open question is
why the east and west regions are different, this could be due to differences in the flows
or in the environment;
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• all these regions are immersed in a large structure of two buoyant bubbles made by in-
homogeneous plasma; the bright and curved flows gradually disperse and form thinner
structures, forming the so-called filaments characterized by an enhancement of radio
emission and probably by strong magnetic fields. Each bubble extends » 40 kpc from
the central source and ends abruptly with well-defined outer edges; in fact, the source
appears well confined by the high pressure of the intra-cluster medium.
2.6.1 The radio halo
The interaction of the jet with the dense external medium forms the large-scale radio halo,
which covers an area far larger than the optical galaxy. The outward flow from the active
nucleus continues beyond the kiloparsec scale jet. The full extent of the radio source is about
80 kpc end-to-end with a well-defined outer edge. The size of the radio halo is the same at all
observed frequencies from 25 MHz (LOFAR; de Gasperin et al., 2012), 74 MHz (VLA; Kassim
et al., 1993), 140 MHz (LOFAR; de Gasperin et al., 2012), 327 MHz (VLA; Owen et al., 2000) to
10.6 GHz (Effelsberg; Rottmann et al., 1996). The radio-emitting plasma appears well confined
by the high pressure of the ICM. For this characteristic of the halo, it is possible to exclude
single-particle diffusion in the cluster gas as a mechanism of its formation, because the size
would depend on frequency due to synchrotron aging.
The large-scale structure is made by two extended bubbles, inflated by the inner flow and
overlapping in the central region due to projection effects. The gas emits by synchrotron
while it is expanding outward, due to the energy input from the core transported by poorly
collimated outflows. Therefore, these latter are the connection between the inner jet and the
full scale of the halo.
The halo is complex as shown by the bright plumes emanating from the inner lobes and the
large-scale structure, being supplied with energy by the relativistic radio jet. Although the jet
does not remain well confined and directed, its mass and energy continue to flow into plumes,
causing the halo pressure to rise. Therefore, the halo is not static and its radio-loud plasma
slowly expands outward into the surrounding ICM with a well-defined edge between them.
The jet is pumping at least at much energy into the local atmosphere, as is being lost by the
cluster’s atmosphere to X-rays. Therefore, the black hole in the galactic nucleus is currently
supplying a power to the radio halo that is at least as large as the radiative losses from the
core. The outflow of energy is dominating the slow, cooling-driven inflow of the hot cluster
gas. Note that the activity is likely to be a transient phase, as often happens in radiogalaxies,
and M87 may have been gone through various phases of on-off cycles of the central engine.
In conclusion, the fact that plasma emission is confined within the same boundaries down to
25 MHz, fresh energetic particles are continuously flowing from the central cocoon and part
of the halo edges are limb brightened led to abandon the idea that this halo was a relic of a
previous activity or outburst in favor of the picture of an active halo (Owen et al. 2000, de
Gasperin et al. 2012).
To model the observations, it is necessary to know whether the halo region is dominated by
thermal or relativistic particles. In the first case, synchrotron emitting regions contain a sig-
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Figure 2.9. The VLA image of M87 at » 90 cm (327 MHz) with labels. It shows a bright central
region with a 2 kpc radio jet and 5 kpc inner radio lobes, a pair of » 20 kpc flows to the east and west
of the inner region and two » 40 kpc fainter, larger bubbles to the north and south overlapping in the
central region due to projection effect.
The eastward-flow proceeds straight in a sort of cylinder and ends in a lobe, frequently called ear,
whereas the westward flow, initially aligned with the jet, quickly twists towards south. Both flows
come from the inner region and reach the halo edge, where they disperse (especially the westward
one).
Narrow extended filamentary structure is seen throughout the ear lobe/canal structures and the halo,
with low-level diffuse background emission in between (Urvashi, 2010).
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nificant amount of thermal gas and are close to the minimum-pressure condition, whereas in
the second case they are far from it and Virgo A is primarily a relativistic bubble and thermal
material inside it must come from leakage through the boundary over the period of expan-
sion.
The minimum-pressure analysis suggests that the region is thermally dominated (Owen at al.,
2000). A significant mass of thermal gas is required in the region to maintain pressure balance
with the unheated external gas in the X-ray atmosphere. In this model, the jet is depositing
its matter and energy on scales of tens of kiloparsecs from the core in the form of turbulence
and heat.
Considering the halo as a spherical bubble of radius R containing hot plasma undergoing
steady energy input from the jet, energy conservation describes the expansion of the halo due
to its own internal energy as follows:
dUint
dt
= Pj ´ p dVdt ´ Lrad (2.1)
where Uint, p, V are respectively the internal energy, pressure, volume of the halo plasma,
Pj is the time-independent jet power and Lrad are the radiative losses from the halo (Eilek &
Shore, 1989).
Assuming a slow expansion where the interior pressure remains comparable to the exterior
pressure and assuming radiative losses neglectable respect to the jet power and dUintdt = ´Lrad,
the equation becomes:
4piR2 px(R)
dR
dt
=
Γ´ 1
Γ
Pj (2.2)
where Γ is the plasma adiabatic index, which can assume the value 5/3 in case of non-
relativistic plasma (most of the content of the bubbles is thermal) or 4/3 in case of relativistic
plasma (bubbles dominated by relativistic particles and magnetic fields).
Owen et al. (2000) estimated 5 the current expansion rate of the outer edge dRdt : » 100P44km s´1
if Γ » 4/3, whereas » 160P44km s´1 if Γ » 5/3. Note that the sound speed in the external gas
is cs » 400km s´1, so that the expansion is subsonic.
Moreover, they estimated also the current age of the radio halo t: » 150(Pj/1044)´1Myr if
Γ » 4/3, whereas » 96(Pj/1044)´1Myr if Γ » 5/3. It can be concluded that the halo is
younger than the host galaxy.
On the other hand, De Gasperin et al. (2012) estimated the halo age using a continous injec-
tion model that gives a cut-off frequency value from which t can be found: t » 40Myr.
Finally, Churazov et al. (2001) hydrodynamics simulations gave the result that the halo edges
can be reached by the buoyant bubbles in 42´ 67Myr.
The discrepancy in the halo age estimation can be explained with different situations:
• the magnetic fields in the different part of the bubbles may be stronger or weaker,
influencing differently the electron lifetimes; in fact, electrons in a weak magnetic field
can survive longer; this could also explain the observed filamentary structure;
5using Pj » 1044erg s´1 and R » 35kpc
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Figure 2.10. The inner halo at 20 cm, from Owen (VLA). The scale from the bright core (at the left)
to the outermost bright spot (where the flow starts to bend) is about 2 kpc.
• the phenomena of electron re-accelaration;
• the presence of new plasma re-filling zones of aged plasma.
2.6.2 The inner halo
The inner halo or cocoon is a small, radio-loud region formed by lobes with an end-to-end
extension of about 5 kpc (figure 2.10).
It is not yet clear how the flow connects from these inner lobes to the outer halo. What is
observed is that approaching the outer halo there is a strong surface brightness drop.
In old models of M87 (Reynolds et al., 1996), this region was assumed to be the only active
region of the source, trapping all of the energy coming from the inner part. In recent works
(Owen et al., 2000; de Gasperin et al., 2012), it is thought to be a high-pressure structure that
let most of the jet power go through it or a recent and short transient structure compared to
the outer halo.
A continuous injection of relativistic electrons provides a scenario in which the lobes are still
supplied by fresh relativistic particles from the active nucleus.
2.6.3 The jet
The non-thermal jet in M87 connects the innermost galactic nucleus to the outer parts of the
source, supplying the surrounding region with energy and relativistic plasma.
It retains a self-similar structure as zooming in from the largest scale of a few kiloparsec to
the smallest scale yet observed, that is about a parsec. Obviously, this similarity must break
down approaching the nucleus. The physical scale of the innermost jet features, next to the
unresolved core source, is about 0.1 pc, corresponding to 300RSCH.
As previously shown in fig.2.2, the one-sided jet is pointing towards north-west and it is
detected in radio, optical, UV and X-ray bands, where the emission is primarily confined to
knots along the jet. In 1999 the Hubble Space Telescope revealed a bright knot at » 1 arcsec
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Figure 2.11. Averaged image from 43 GHz observations. The orange lines follow the edge-brightened
jet emission from 10 mas west of the core, with an opening angle of 150, while the white lines represent
the wide opening angle (Ly, Walker & Junor, 2007). Later studies demonstrated that the black hole is
in the vicinity of the area identified by the white lines and not at red triangle vertex, giving a clue for
the presence of a counter jet (Hada et al., 2012).
from the core, then called HST-1 (see section ”Gamma-ray”).
A particularity of M87 is that its jet remain directed for only a few kiloparsecs from the galac-
tic core and then it disrupt, while in most radio galaxies the jets can remain collimated until
about 100 kpc. Moreover, the counter jet is not visible due to the effect of relativistic beaming,
in this case de-boosting, but its presence can be inferred by its influence in the emission in
the east part of the inner region. In fact, it will be important in constraining the geometry of
the jet, because the flows seen in the halo suggests that a counter jet exists but is very faint.
It has been observed with VLBA and Global VLBI observations at 22 GHz, 43 GHz (fig. 2.11;
Ly, Walker & Junor, 2007) and 86 GHz 86 GHz (Krichbaum, 2006).
The jet orientation has been studied through years. First, it was estimated to be 100 and 450
from our line of sight (Biretta, Sparks & Macchetto, 1999; Ly, Walker & Junor, 2007) and then
within the likely range of 15 0 to 25 0 (Acciari et al., 2009).
2.6.4 The galactic nucleus
The supermassive black hole in the galactic nucleus supplies a flux in energy Pj ě 1044erg s´1
to the radio halo (Owen et al., 2000). Only a small fraction goes for radio emission and the
bulk must be deposited in kinetic or internal energy of the plasma in the Virgo core to allow
turbulence, bulk flows and heating. The input to the region from the nucleus exceeds radia-
tive losses at the present epoch.
Because the jet is bright, the black hole is very massive, and M87 is relatively nearby, M87 is
an ideal target to study the initial jet-formation process and to attempt imaging of the region
close to the black hole.
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To analyze the jet launching structure the Event Horizon Telescope, a telescope array 6 based
on the VLBI techniques, has been set up. It has an angular resolution that allows to resolve the
inner accretion disks of nearby AGN and that is comparable to the event horizon operating at
1.3 mm, where AGN start to become optically thin (Doeleman et al., 2012).
In M87, taking the 1.3 mm VLBI size as the innermost stable circular orbit (ISCO) diameter7 it
has been estimated the black hole spin, that is a ą 0.2, and the sense of the accretion flow, that
is prograde orbit (Doeleman et al., 2012). In fact, retrograde orbits would be larger than the
core size derived. This result is consistent with generally accepted theories that the spin axes
of the accretion disk and black hole will be brought into alignment through gradual angular
momentum transfer from the orbiting disk (Gammie, Shapiro and Mc Kinney, 2004).
2.7 Superluminal motion
Proper motion measurement with high angular resolution is a useful tool for the kinematics
of relativistic jets.
VLBI initially demonstrated that the speeds of knots in M87 are subluminal (Biretta, Owen &
Cornwell, 1989).
In contrast, HST observations revealed superluminal motion in the region HST-1 near the
core with a range of (4´ 6)c. Moreover, new observations through EVN (Asada et al., 2014)
show a gradual acceleration of the bulk flow from sub to superluminal regimes, that is from
(0.67˘ 0.63)c to (3.74˘ 1.18)c. This is in agreement with the evidence of gradual collimation
up to 5 ¨ 105RS from the central source.
Therefore, it can be established that superluminal motion has been detected in both radio and
optical in M87 jet.
In fig. ?? the distance from the core of the knot HST-1 from e-EVN and VLA data is shown:
before 2003, HST-1 is very faint but then becomes evident and well separated by the jet struc-
ture near the core. There is an evident change in the proper motion velocity during the epoch
2005, coincident with the TeV gamma-ray activity and the maximum radio and X-ray flux
density of HST-1.
Before July 2005, the apparent velocity is (0.5´ 0.6)c and then until April 2010 becomes » 2.7c.
Assuming a jet orientation angle equal to 250, a proper motion equal to » 2.7c corresponds to
an intrinsic velocity equal to 0.94 c (Giovannini et al., 2010). It is not yet clear if this is related
to the M87 VHE activity and/or to the maximum radio and X-ray flux density of HST-1 at
this epoch (Hada et al., 2014).
6The EHT array consists of four telescopes at three geographical locations: the James Clerk Maxwell
Telescope (JCMT, partnered with the Submillimeter Array (SMA)) on Mauna Kea in Hawaii, the Ari-
zona Radio Observatory’s Submillimeter Telescope (SMT) in Arizona, and two telescopes of the Com-
bined Array for Research in Millimeter-wave Astronomy (CARMA, located » 60 m apart) in California.
7Recalling that ISCO is the critical size scale within which matter quickly plunges to the event
horizon. The ISCO diameter also marks the peak density and rotational speed of the accretion flow
and it is related to the the black hole spin.
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Figure 2.12. Distance of HST-1 brightest peak from the M87 core at different epochs. (Giovannini
et al.., 2010).
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2.8 The Virgo cluster
Virgo is the nearest rich galaxy cluster. Binggeli et al. (1985) have cataloged 2096 galaxies
(Virgo Cluster Catalog) in » 140 deg2 area centered » 1 deg northwest of M87, whose » 1300
galaxies have been identified as members based on their measured radial velocities. It is very
irregular, making the mass distribution modelling difficult. The inner region of the cluster,
traced by the atmosphere of hot, X-ray loud gas, is typical of galaxy cluster cores. At less than
40 kpc, there is a mixture of relativistic particles, thermal plasma and magnetic fields in a
complex, turbulent and magnetized region. X-ray observations reveal the hot, diffuse gas that
fills the cluster and show that a large part of the cluster mass is centered on M87, with smaller
concentrations around M86 and M49 (ROSAT observatory, Böhringer et al., 1994). Assuming
hydrostatic equilibrium, the hot X-ray gas directly traces the gravitational potential that is the
dark mass of the system in which it is embedded:
dP
dr
= ´G M(r)ngas(r)
r2
where M(r) is the total gravitating mass within radius r and ngas and T are respectively the
X-ray emitting gas density and temperature. Using the ideal gas law, the mass becomes:
M = ´ kTr
Gµmp
(dlog(ngas)
dlog(r)
+
dlog(T)
dlog(r)
)
where µ is the mean molecular weight and mp is the proton mass.
The X-ray halo with a central luminosity peak and M87 is the nearest X-ray luminous galaxy
center. Moreover, the temperature of the X-ray halo of M87 is relatively low with values in the
range 1´ 3 keV, a temperature range where spectra are very rich in emission lines (for these
reasons, M87 was made one of the targets of the XMM-Newton mission).
The fact that Virgo cluster halo is nearly circular and smooth with a short cooling time sug-
gested that M87 sits in the center of a modest cooling flow. Actually, the presence of filaments
in the inner halo suggest disturbed and disordered flow rather than a simple cooling-driven
inflow. On one hand, there is the slow cooling-driven inflow of the hot cluster gas and on
the other hand the strong outflow energy from the supermassive black hole. However, this
outflow is likely to be transient and if it decreases or stops, the cooling flow would domi-
nate. The radio-loud and X-ray loud plasmas are interacting strongly in the core of the Virgo
Cluster. The cooling flow caused by radiative losses from the ICM (LX9n2gas where ngas is
the gas density from X-ray measurements) as expected for a cluster-center galaxy is balanced
in M87 by heating from the feedback by the AGN. In other words, what is seen in the radio
halo is heating the cluster and may balance LX. The total ICM thermal energy is given by its
temperature (E = 32 ngaskT) and the cooling time as the ratio between the total energy and the
radiative loss rate is therefore:
tcool [yr] = 1.4 ¨ 108
( kTgas
2 keV
)1/2( ngas
0.1 cm´3
)´1
meaning that high-density regions cool faster, which is the case of the core of a cluster.
This cooling time can be calculated by measuring T and nX from ICM bremsstrahlung emis-
sion and for M87 is » 1 Gyr. In this case, however, there is an internal source of energy that
keeps the cluster core hot: the active nucleus with its jet outflows.
2. M87 60
Chapter 3
Data analysis
3.1 Spectral analysis
The radio spectrum of galaxies and quasars is dominated by thermal (bremsstrahlung) and
non-thermal (synchrotron) emission and both are continua.
Although the radio spectrum of only a few sources follows simple power law, a spectral index
may be defined by the measurement of flux densities between any two arbitrarily selected
frequencies. Therefore radio spectra are usually displayed in the form of a logarithmic plot
log Fν ´ log ν, where F is the flux density which correspond to the integral of its intensity over
some solid angle and ν is the frequency. In radioastronomy, the flux is usually measured in
Jansky (Jy), where 1Jy = 10´23erg s´1cm´2Hz´1.
Spectral index maps represent a powerful tool to study the properties of the relativistic elec-
trons and of the magnetic field in which they emit 1, and to investigate the connection between
the electron energy distribution and the surrounding medium.
Considering the flux density of a source at two different frequencies, the spectral index is
given by:
α =
log(Fν1 /Fν2)
log(ν1/ν2)
(3.1)
knowing that Fν9 να in case of synchrotron emission, as shown in 3.10.
The observed spectrum of extended sources generally shows a negative curvature in the
log Fν ´ log ν plane, meaning that the spectrum becomes steeper at high frequency. Typically
the region of curvature extends over a decade or so of frequency (Verschuur & Kellermann,
1988). Far from the maximum curvature, the spectrum can be represented by two well-defined
spectral indices. In general, regions of flatter spectra are indication of the presence of more
energetic radiating particles, and/or of a larger value of the local magnetic field strength, con-
sidering that the electron lifetime depends on these parameters as will be shown in the next
section.
Values of the spectral index of the extended radio features are usually in the range (´1.3´
´0.5), with a strong concentration near the value ´0.80˘ 0.15 (Kellermann & Owen, 1988).
1However, the index merely describes the relation between emission at different frequencies and is
not always physically associated with a property of the electrons and/or field.
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Regions of radio sources with spectra flatter than -0.5 are nearly always very compact and
are coincident with an AGN. In these sources, the flat spectrum is thought to be the result of
self-absorption, rather than a flat electron energy distribution. If the plasma of the compact
emitting source is optically thick, the same population of electrons that produced synchrotron
light can absorb it, as will be explained in the following section.
3.2 Non-thermal processes
Much of the electromagnetic radiation emitted by AGN is very different from a stellar emis-
sion, but it is dominated by non-thermal emission from processes such as synchrotron, inverse
Compton and others. Non-thermal refers to the fact that the statistical motion of the particles,
and so features of the emitted radiation, do not depend on the temperature, as happens in
the Maxwell-Boltzmann distribution where the particles are assumed to be in thermodynamic
equilibrium.
Diffuse synchrotron radio sources have been observed and radio halos are the clearest evi-
dence of the presence of magnetic fields and cosmic ray mixed with the thermal intracluster
medium in the central regions of clusters of galaxies, as for M87. Electrons (and positrons)
injected in the ICM by the AGN lose energy mainly because of synchrotron emission. Other
processes are inverse Compton scattering with the Cosmic Microwave Background (CMB)
photons and the AGN radiation field, but also Coulomb interactions and bremsstrahlung
emission.
Relativistic proton energy losses are due to pp inelastic scattering and Coulomb interactions,
implying lifetimes comparable to the diffusion time scale over the cluster size, so that they
can be accumulated in the cluster volume. The proton loading is bulk kinetic energy density
and not constrained by the emissivity directly.
3.2.1 Synchrotron emission
Synchrotron emission plays an important role in active galaxies, from the large scale structure
and lobes to the inner jets. The ingredients to prepare it in a certain region are: high-energy
particles, radiation and magnetic field, all essential, especially the latter, and connected to
each other. Synchrotron radiation is non-thermal emission of radiation by relativistic particles
spiraling in a magnetic field. The particle is forced to move in a helix with its axis parallel to
the magnetic field. Hence, there is emission of electromagnetic radiation in the direction of
the particle’s motion. From now, only electrons will be taken into account, considering that
ions’ synchrotron emission is usually negligible compared to electrons’ one. This is almost
always true within astrophysical plasma containing ions and electrons, because the emitted
power as will be shown goes like m´2, hence the synchrotron radiation comes mainly from
the lightest particles 2.
2However, there are situation where protons synchrotron emission could be important. In fact,
adopting magnetic field in jets (B ě 1mG) larger than the field used in electron synchrotron or IC
models and assuming proton acceleration in jets up to energies Ep » 1018eV with slow propagation,
it is possible to obtain effective cooling of protons via synchrotron radiation on reasonable timescales.
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This non-thermal emission was first proposed by Shklovskii and Herlofson (1950) to be the
radiation mechanism responsible for the then newly discovered radio sources, like local su-
pernova remnants and AGN. Strong linear polarization was its first, and is still the strongest,
signature. A preferred direction for the electric field is established by the fact that the ac-
celeration of the charge is always perpendicular to the field, whereas thermal processes are
unpolarized.
The first astrophysical source detected by synchrotron was the jet of M87 in 1956 (Burbidge).
The energy of the emitted photons depends on the electron energy (Eel), on the magnetic field
strength (B) and on the pitch angle (P), which is the angle between electron velocity (v) and
the magnetic field lines.
The pattern of the emitted radiation here is completely different from the classical regime,
where a non relativistic particle radiates in the observer’s frame with a symmetric dipole
power pattern around the direction of acceleration. The synchrotron radiation is concentrated
in a narrow cone 3 around the electron’s velocity vector with an opening angle φ » 1/γ,
called the beaming angle, where γ = (1´ β2)´1/2 is the Lorentz factor. Hence, the pattern for
a relativistic electron is strongly beamed in the forward direction as a direct consequence of
the aberration of light for relativistic particles and an observer will see it (i.e. will measure an
electric field) within the beaming cone of total aperture angle 2/γ.
Therefore, the received pulses have a duration ∆t much smaller than the gyration period
ωg = 2piνg = eBγmc and the observed frequency is:
ν » 1/∆t » γ3νg = γ2ν0 (3.2)
where ν0 = v2pirL =
eB
2pimc is the non-relativistic gyration frequency and rL = V
2K/aK is the
Larmor radius. The higher the velocity of an electron, the higher the Lorentz factor, the
shorter the pulse duration and the narrower the cone.
Moreover, the synchrotron frequency is a factor γ3 greater than the the fundamental frequency,
and a factor γ2 greater than the Larmor frequency, defined as the typical frequency of non-
relativistic particles. Then the particle is expected to emit most of its power at this frequency.
The power per unit frequency emitted by an electron of given Lorentz factor and pitch angle
is:
Ps(ν, E,P) =
?
3e3BsinP
mc2
F(ν/νc) F(ν/νc) ” ν/νc
ż 8
ν/νc
K5/3(y)dy (3.3)
where νc is the critical frequency:
νc =
3
2
γ3 νg sinP 9 E2 B9γ2 B (3.4)
This could be useful as interpretation of non-thermal X-ray emission from large-scale extragalactic jets
(Aharonian, 2004).
3Actually, half of the photons are emitted within the cone. Note that this does not mean that half
of the power is emitted within » 1/γ, because the photons inside the beaming cone are more energetic
than those outside, and are more tightly packed.
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Figure 3.1. The cone formed by the synchrotron emission of an electron, following an helical motion
around magnetic field lines with pitch angle P . The opening angle of the cone is inversely propor-
tional to the Lorentz factor γ, in other words it becomes smaller for energetic electrons. When the
particle is relativistic, the pattern strongly changes due to the aberration of light, and is strongly
beamed in the forward direction (adapted from Beckmann & Shrader, 2012).
This is the power integrated over the emission pattern and K5/3(y) is the modified Bessel
function of order 5/3. The frequency dependence is given by F(ν/νc), which peaks at:
ν = 0.29νc
The low-frequency asymptotic form of F(ν/νc) is a power law of the form ν1/3 , whereas the
high-frequency one shows an exponential cutoff (Rybicki & Lightman, 1986).
The total radiated power averaged over an isotropic distribution of pitch angles, is:
Ps = ´dEeldt =
4
9
e4 B2 γ2 v2
c5m2
=
4
9
e4 B2 E2el
c7m4
(3.5)
Note that this mechanism, because of the mass dependance, is much more efficient for elec-
trons and positrons than for protons, and the formula can be written in a more compact form,
using the Thomson cross section σT = 8pi3 ¨ r20 where r0 = e
2
mec2
and the magnetic energy density
Umag = B2/8pi:
Ps =
4
3
σT c γ2 Umag (3.6)
valid for highly relativistic electrons (v ÝÑ c). Then, the synchrotron luminosity becomes a
function only of the magnetic energy density and of the Lorentz factor.
Remember that this value has been averaged over an isotropic distribution of pitch anglesP
because an electron during its lifetime is randomly scattered. In conclusion, this is the average
loss rate for an individual electron of energy Eel .
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For a single radiating relativistic electron, it is possible to define a cooling time:
tcool ” EPs »
400
E[TeV]B2[G]
[s] (3.7)
In AGN jets, typical magnetic field are smaller than 1 G and electrons energies are about 1 TeV,
hence cooling time less than 1 yr and synchrotron peaks are in the UV and X-ray wavelength
region.
The synchrotron spectrum from an ensemble of electrons in the optically thin limit depends
only on the energy distribution of the electrons. The population of relativistic electrons is
described by a power law distribution (e.g. the observed energy distribution of cosmic rays)
N(E) = N0 ¨ E´p (3.8)
where p is the spectral index assumed constant. Therefore, the total synchrotron emissivity,
which is defined by the power per unit frequency and per unit volume, is:
e(ν,P) =
ż E2
E1
Ps(ν, E,P) N(E)dE [erg cm´3s´1sterad´1] (3.9)
where E1 and E2 describe the energy interval of the electrons. Performing the integration, the
result is a power law:
e(ν,P) » B p+12 ν 1´p2 » B1´α να α ” 1´ p
2
(3.10)
where α is the spectral index. Therefore, a power law energy distribution of non-thermal
particles radiates a power law emission spectrum and their spectral indices are directly con-
nected.
What is really observed in a spectrum is a superposition of these single electron spectra, there-
fore the slope is less steep.
Note that to obtain a realistic synchrotron spectrum it is necessary to specify the pitch angle
distribution. Although usually assumed to be isotropic, there are two scenarios, both with an
initial energy spectrum of the form of eq. 3.8:
• the Kardashev-Pacholczyk (KP) model (Kardashev, 1962; Pacholczyk, 1970)
the pitch angle of the synchrotron emitting electrons cannot change with time, therefore
it remains in its initial orientation with respect to the magnetic field;
• the Jeffe-Perola (JP) model (Jaffe & Perola, 1973)
the pitch angle are continously and quickly re-isotropized on a time scale shorter than
the radiative time scale.
The JP model is more realistic in the sense that a pitch angle distribution gradually becomes
isotropic due to scattering on the magnetic field strength.
Major differences between the two models are visible at frequencies higher than the break
frequency νb that is related to the time elapsed from the injection and to the magnetic field.
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The observed spectrum of synchrotron emission has not the form e(ν)9 να moving to lower
frequencies. In fact, the spectrum breaks at a certain νsa, the so-called synchrotron self-
absorption frequency. The point is that, at low-frequency, the plasma of the compact emitting
source is optically thick, causing the absorption of synchrotron light by the same population
of electrons that produced it, producing the synchrotron self-absorption process.
Considering the power law energy distribution as a superposition of Maxwellians of different
temperatures, it is possible to relate the energy γmc2 of a given electron to the energy kT of a
Maxwellian:
kT » γmc2 » mc2(ν/ν0)1/2
For a non-thermal emission, it is useful to define the brightness temperature Tb, which is the
equivalent black body peak temperature for the observed emission. For an optically thick
source, in other words at low-frequency in the Rayleigh-Jeans limit for a Planck function (Bν),
the brightness temperature is:
Iν =
Fν
piΦ2
= Bν =
2k Tb ν2
c2
ÝÑ Tb = Iν c
2
2k ν2
(3.11)
where Iν is the surface brightness, fν is the flux observed at a frequency ν, θs is the angular
dimension of the source and k is the Boltzmann’s constant. For an absorbed source, the mean
electron energy must be equal to 3/2kTb and so the intensity in the optically thick case is:
I(ν)9 ν5/2 (3.12)
Note that the optically thick part of the spectrum does not depend on the power law index p of
the electron energy distribution and also the particle density disappeared: the more electrons
you have, the more you emit, but the more you absorb.
The transition frequency where the emitting region becomes optically thin is the already cited
νsa. Here, the spectrum reaches its maximum, as it is shown in figure 3.2. Now, going from
the intensity to the flux, that is integrating I(ν) over the angular dimension of the source θs,
the following relation is obtained:
F(ν)9 θ2s B´1/2 ν5/2
therefore, observing a self-absorbed source of known angular size, it is possible to derive its
magnetic field (only if homogeneous) even without knowing its distance.
3.2.2 Other processes: inverse Compton and Bremsstrahlung
In AGN, there are other observed processes beyond the synchrotron emission, which lead to
electron energy losses. In fact, synchrotron dominates the jets physics but for instance inverse
Compton emission is the responsible for radiation from the accretion disk and its proximity.
Moreover, in clusters of galaxies the population of relativistic electrons responsible for the dif-
fuse non-thermal synchrotron radio emission can scatter the CMB photons, producing hard
X-ray radiation.
A brief description of these processes is following, while a complete discussion can be found
in Rybicki and Lyghtman (1986).
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Figure 3.2. On the left, the synchrotron spectrum for a single electron, represented with a logarithmic
scale for the observed flux and for frequencies. Note the different slope and dependance from p
(power law index of the electron energy distribution) before and after the self-absorption frequency.
Observations of the self absorbed part could determine B, whereas observations of the thin part can
then determine K and the electron slope p.
On the right, the flat spectrum made by superposition. Each of the dotted curves represents the
emission from a single region; the solid curve is their sum. Each region has the same F(νsa), but the
values of νsa are » 3, 10, 31 GHz respectively (Krolik, 1999).
• Inverse Compton scattering (IC)
describes when a relativistic electron scatters a photon, increasing the photon’s energy.
This is opposite to Compton scattering, where a photon transfers energy to an electron.
For instance, radio and infrared photons can be ”up-scattered” to X-ray or gamma-ray
energies, depending on how relativistic the electrons are. In AGN, X-ray emission is
produced by IC scattering of the jet electrons with the CMB photons.
Performing a Lorentz transformation between the electron’s frame and the laboratory
frame and using the relativistic Doppler shift formula, it is possible to calculate the final
photon energy E2 in term of the Lorentz factor and the initial energy E1:
E2 » γ2E1 (3.13)
There is a maximum in the energy gain determined by the energy conservation of the
process (which is a conservative single scattering process): E2 ď E1 + γmc2.
The total power, of this process is a function of the radiation energy density Urad:
PIC = ´dEeldt =
4
3
σT c γ2 Urad (3.14)
Note that synchrotron (eq. 3.6) and IC (eq. 3.14) losses both have the same electron en-
ergy dependence, so their effects on radio spectra are indistinguishable and the cooling
time trend is exactly the same.
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Moreover, comparing the synchrotron and IC emitted powers, a relation between mag-
netic field energy density and photons energy density can be found:
Ps
PIC
=
Umag
Urad
(3.15)
• Synchrotron inverse Compton (SIC)
known also as synchrotron self-Compton (SSC), consists of synchrotron emission fol-
lowed by inverse Compton process. It occurs when photons, emitted by an ensemble
of relativistic electrons through synchrotron mechanism, are then up-scattered by the
same ensemble, increasing their frequency. Note that this is only possible if the radia-
tion energy density (Urad) is high enough in order for the photons to interact with the
electrons population. This is the case of an optically thick plasma. Note that also the
up-scattered photons might contribute again to Urad.
The SIC spectrum has the same spectral index α as the synchrotron component, there-
fore eSIC(ν)9 να. However, the maximum energy of the SIC component, which usually
is also the peak energy in a SED representation, is a factor γ2 higher than the maxi-
mum energy of the synchrotron component. An example of this process can be found
in blazars, where there is a typical double-peaked SED (fig. 3.3).
Knowing the ratio between the two processes’ luminosities, it can be derived that:
PSIC
Ps
=
Urad
Umag
9
( Tb
1012
)5
(3.16)
The brightness temperature is limited by the fact that the radiation energy cannot exceed
the electron mean energy, then:
kTb ď kγmc
2
3k
ÝÑ Tb ď
( B
1µG
)´1/2( ν
1GHz
)1/2 ¨ 1012 K (3.17)
knowing that γ =
a
2piνmceB . Therefore, Tb does not significantly exceed 10
12 K, in order
to maintain an optically thin source. This value is also called Compton limit temperature
for an incoherent synchrotron source. In fact, as soon as Tb sighltly exceeds 1012K, the
inverse Compton branch will dominate very rapidly on the synchrotron emission, caus-
ing the so-called inverse Compton catastrophe. However, this result is not observed;
therefore there must be some mechanism that is physically limiting the possible val-
ues of the brightness temperature in an electron plasma of AGN. Sources might still
appear ”hotter” when they are Doppler boosted towards the observer (Tb depends on
quantities, such as flux, frequency and angular dimension, that are affected by Doppler
boosting) or the emission might come from a coherent ensemble of electrons.
• Thermal bremsstrahlung
is an other important mechanism for electron energy losses. It is also called free-free
emission because the electron and the interacting particle are not bound before and after
the scattering. In fact, the electron interacts with a free charged particle, usually a ion,
emitting radiation. The free-free scattering takes place in hot, non-relativistic plasma,
like the intracluster gas.
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Figure 3.3. At the top, SED of the BL Lac PKS 2155-304. The gamma-ray spectral shape
is determined by the high-energy tail of the electron distribution and by the shape of the
spectrum of the scattered photons, which can be either optical-to-soft-X-ray synchrotron
photons (SIC) or photons external to the jet, like those from the accretion disk, BLR and
dust torus (external Compton) (Falomo et al., 2014).
At the bottom, average SED for blazars, grouped by radio power: the most radio-bright
are also the most luminous in gamma-rays. The lower-energy peaks in the UV and X-ray
regions represent synchrotron radiation from electrons in the jet; these photons scatter from
the same spiralling electrons to produce the gamma-ray peak. When the electrons are more
energetic, both peaks move to higher frequency (Fossati et al., 1998).
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3.2.3 Equipartition
As previously said, the field strength cannot be derived from the synchrotron spectrum alone.
Since observed emission also depends on the electron number density and geometry. If an
equilibrium condition is reached, for instance for extremely tangled fields and trapped par-
ticles with no further acceleration and dominating synchrotron losses, an estimate can be
obtained by minimizing the total energy constrained by the non-thermal luminosity and spec-
tral index. In other words, since the energy density in the magnetic field and in the relativistic
particles both enter the synchrotron luminosity, the energy is minimized within some (possi-
bly unknown) volume (V) of the radio source (Pacholczyk, 1970).
Under some assumptions about physical properties of the radio source, the derivation of mag-
netic field strengths averaged (over the entire volume of the beam) as a function of the radio
source luminosity is possible.
The total energy density of a synchrotron source is U = Ue + Up + Umag due to the energy
in relativistic particles only (electrons and protons, Ue and Up respectively) and the energy in
magnetic fields (Umag).
The latter is defined as:
Umag =
ż
B2
8pi
dV =
B2
8pi
f V
where f is the filling factor that is the fraction of the source volume V occupied by the mag-
netic field.
Note that the energy contained in the heavy particles Up can be related to Ue assuming
Up = kUe. If the population of relativistic electrons have an energy spectrum described by the
equation in 3.8, therefore the electron energy is:
Ue = V ¨
ż E2
E1
E ¨ N(E)dE = V ¨ N0
2´ p ¨ (E
2´p
2 ´ E2´p1 ) (3.18)
where E1 and E2 describe the energy interval of the electrons and N0 is a constant that can be
evaluated if the distance to the source is known.
The source luminosity is:
L = V ¨
ż E2
E1
Ps ¨ N(E)dE = V ¨ N0
4
3σTc Umag m
2 c4
3´ p ¨ (E
3´p
2 ´ E3´p1 ) (3.19)
where Ps is the energy loss rate defined by eq. 3.6. Now, it is possible to solve for N0, using
eq. 3.18 and 3.19 with the following result:
Ue = Ce ¨ LB3/2 (3.20)
where all the constant factors are in Ce, such as the spectral index and the cutoff energies.
Note that for the latter ones, it was assumed the relation ωi = γ3i ¨ωL 9 E2i ¨ B (where i = 1,
2) expressing the energies in terms of the respective observed frequency and B. The observer
measures a frequency ωi = γ3i ¨ωL where ωL = eBmγc is the Larmor frequency for a relativistic
electron. The gamma factors arise when the frequency is measured in the rest frame of the
observer: one factor is due to the transformation from the particle frame into that one and one
factor is due to the relativistic beaming effect on the cone of particle emission.
Finally the total energy is obtained as a function of the magnetic field:
U = (1+ k)Ue +Umag = (1+ k)Ce ¨ LB3/2 +
B2
8pi
f V (3.21)
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Figure 3.4. Energy content in a radio source in arbitrary units. The magnetic energy is Umag9 B2,
whereas the energy in relativistic particles is Ue +Up9 B´3/2. The total energy content U is mini-
mum when the contributions of magnetic fields and relativistic particles are approximately equal, that
is the equipartition condition, and Beq is the corresponding magnetic field value (Govoni & Feretti,
2004).
To estimate the magnetic field strength, it is necessary to make some assumptions about how
the energy is distributed between the fields and particles. A useful estimate is the condition
of minimum energy: the magnetic field strength that minimizes U within a specified volume,
luminosity and number of particles is the value that verifies this equation (BU/BB)V,L,N = 0.
Therefore, the ”equipartition” field is:
Beq =
[
6pi(1+ k)Ce
L
f V
]2/7
(3.22)
where L/V is the synchrotron emissivity. The minimum energy is:
Umin = C(1+ k)4/7 f 3/7V3/7L4/7 (3.23)
and the minimum energy density is:
umin =
Umin
f V
= C(1+ k)4/7 f´4/7V´4/7L4/7 (3.24)
and
Umag =
3
4
(1+ k)Ue
.
The minimum energy is obtained when the contributions of the magnetic field and the rel-
ativistic particles are approximately equal (fig.3.4), hence ”equipartition”. Note that this as-
sumption was first proposed by Burbidge in 1956 applied to the optical synchrotron emission
of M87 jet.
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Expressing the parameters in commonly used units, the equipartition magnetic field of a radio
source can be written in terms of observed quantities:
Beq[G] =
c
24pi
7
umin[erg cm´3] =
=
c
24pi
7
ξ(α, ν1, ν2) (1+ k)4/7 (ν0[MHz])4α/7 (1+ z)
12+4α
7 (I0[mJy arcsec´2])4/7 (d[kpc])´4/7
(3.25)
where α is the spectral index between two frequencies ν1, ν2, z is the source redshift, I0 is
the source brightness at a frequency ν0, d is the source depth 4, and ξ is a function equal to
2α´2
2α´1 ¨ ν
(1´2α)/2
1 ´ν(1´2α)/22
ν
(1´α)
1 ´ν(1´α)2
(Govoni & Feretti, 2004). Moreover, the filling factor f is chosen equal
to 1, meaning that particles and magnetic fields occupy the entire volume, filling it homoge-
neously
This result is based on several assumptions, whose validity is not obvious, on the properties of
the radio emitting region and on the condition of minimum energy of the observed relativistic
plasma, such as (Pacholczyk, 1970; Miley, 1980):
• the volume filling factor, which is usually assumed in literature equal to 1 for clusters;
• the field is considered completely tangled with no preferred direction;
• the value of the ratio of the energy in relativistic protons to that in electrons, which
depends on the mechanism of generation of relativistic electrons is poorly known. The
value k = 1 is usually assumed, meaning that the particle energy is equally divided
between electrons and protons, or the value k = 0, where all of the particle energy is
in the relativistic electrons (and positrons), in line with the idea that the jets could be
mainly composed of these constituents (Reynolds et al., 1996). In literature, there is
also the results for the assumption of k = 10, as an upper limit from what predicted by
electromagnetic acceleration models involving protons and electrons (Bell, 1978).
• the source along the line of sight is another parameter difficult to infer;
• integration of the radio spectrum usually from 10 MHz and 10´ 100 GHz, that is the
typical range accessible to observations 5;
4The source depth is estimated from the spatial extent of the observed emission for a constant
homogeneous magnetic field filling the entire source volume.
5The computation of equipartition parameters based on the integration of the synchrotron radio
luminosity between two fixed frequencies has some problems. In fact, a fixed frequency range corre-
sponds to an energy range that depends on the magnetic field, which varies in different parts of the
source. The corresponding electron energies depend on the magnetic field value, thus the integration
limits are variable in terms of the energy of the radiating electrons. The lower limit is particularly rele-
vant, owing to the power-law shape of the electron energy distribution and to the fact that electrons of
very low energy are expected to be present. See Beck & Krause (2005) for an other approach.
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3.2.4 Aging and spectral models
When dealing with extragalactic sources, the lifetime of the radiating electrons is an impor-
tant factor, known as the synchrotron age. This depends on B and Urad. The electron energy
spectrum evolves with time and so does the luminosity of source.
Even if electrons are initially produced with a single power law distribution, differential en-
ergy losses make the spectrum steeper at higher energy because the particles emit at different
rates.
Relativistic electrons lose energy by synchrotron and by the inverse Compton processes (sub-
script s), which are both proportional to the square of the energy; by ordinary bremsstrahlung
and adiabatic expansion (subscript b), which are directly proportional to the energy; and by
ionization (subscript i), which is approximately proportional to the logarithm of the energy.
Approximating the logarithmic term by a constant, the general rate of energy loss may be
written:
b = ´dE
dt
= ´E˙ = As ¨ E2 + Ab ¨ E + Ai (3.26)
It is of interest to consider the case where synchrotron and IC losses dominate, with ne-
glectable expansion losses and re-accelaration processes: Ab = Ai = 0. As shown in eq. 3.5,
the value of As is 49
e4 B2
c7m4 = C B
2 and so E˙ = ´C B2 E2.
The synchrotron age for an ensemble of particles with the same initial energy due to syn-
chrotron radiation is:
ts =
E
E˙
9 E
E2B2
9 1
EB2
9 1
γB2
In an ensemble of particles with a wide range of initial energies, the higher-energy particles
radiate faster so, after a time t, all particles with te ă t would no longer be radiating, causing
a break in the power law of the observed synchrotron spectrum at a critical frequency
νb9 B´3t´2
known as break frequency, given by eq. 3.4.
The shape of the spectrum on either side of νb depends on the initial particle energy distribu-
tion and how it evolves with time. This break will displaces to lower frequencies over time
and its value is fundamental to estimate the age of a population of relativistic particles (in
addition to the magnetic field values).
For a more precise analysis, one can define Brad =
?
8piUrad, the equivalent field 6 due to IC
scattering on CMB photons (Slee et al. 2001), in addition to the local field associated with the
synchrotron emission B(t). In this case, the energy loss rate is given by:
E˙ = ´C [B(t)2 + B2rad] E2
from which it is possible to find the cutoff energy that is the maximum particle energy (and so
for the break frequency) present in the ensemble after a time ts known as synchrotron lifetime.
Therefore, given νb that is a measured quantity, ts can be calculated in case of homogeneous
or inhomogeneous magnetic field:
6Note that Brad is only a parameter, not a magnetic field, added for convenience in the formalism.
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• if the particles see a constant field over their entire lifetime, either by moving through a
homogeneous field or by not moving very far in an inhomogeneous field, then B(t) = B
and:
ts9 B
1/2
B2 + B2rad
ν´1/2b
In the synchrotron loss dominated regime, it is possible to neglect Brad (IC scattering
against the CMB are not important) and, as previously shown, computing all the con-
stants, then
ts[Myr] = 1610 (B[µG])´3/2 (νb[GHz])´1/2
• if the particles have encountered varying fields during their lifetimes, ts must be mod-
ified. If they have spent a large fraction of their lifetime in a low field region before
moving to a high-field region from where they are currently radiating, a synchrotron
lifetime calculated from the observed νb will give ages that are shorter than the true
lifetime of the particles.
Quantitative analysis of synchrotron aging in radio galaxies is difficult, since the spectra may
vary across the source, particularly if the magnetic field is not constant and the high-frequency
steepening occurs over a very broad range in frequency.
Relativistic electrons reach different regions at different times, so that the break frequency is
an estimate for the time elapsed since their production (if the field is ordered). Generally, the
hot spots and jets appear to have flatter spectra than the more extended diffuse components,
apparently reflecting their younger ages and correspondingly smaller synchrotron radiation
losses. The very diffuse components associated with clusters have the steepest observed radio
spectra with indices generally steeper than -1.
As previously seen, the age of a population of particles is related to νb but the shape of
the observed spectrum below and above this break depends on the initial particle energy
distribution and its evolution with time.
The electron energy distribution function change obeys an equation of continuity in energy
(Pacholczyk, 1970):
BN(E, t)
Bt +
B
BE [N(E, t) ¨ b] = Q(E, t) (3.27)
where b is the loss and gain of energy by the electrons and Q(E,t) is the source term that gives
the rate of injection into the radiating region at unit time and per unit energy interval.
Note that considering scattering of particles by magnetic field inhomogeneities adds a diffusion-
like term: B
BE2 [D N(E, t)]
where D is the diffusion coefficient along the energy axis.
There are many spectral aging models for equation 3.27, as shown in fig. 3.5, characterized by
different forms of the source term:
• initial injection model
here, Q(E, t) = E´pδ(t´ t0) meaning that an initial power law distribution is allowed to
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Figure 3.5. Spectral aging models resulting from no aging (solid line) that is the initial
condition, aging via the initial (blue line) and ongoing (red line) injection models.
The chosen energy distribution is N(E, 0)9E´2, which corresponds to an initial power law
spectrum with α = -0.5 (Urvashi, 2010). The flux is in arbitrary units.
age without replenishment. Particle aging produces a spectral break. Within the energy
range over which this initial synchrotron spectral power-law holds, the spectral index
on the low-frequency side of this break is α = ´(p ´ 1)/2 and the spectrum on the
high-frequency side shows exponential decay (from the single-energy power-spectrum
at the highest surviving energy);
• ongoing injection model at steady state
here, Q(E, t) = E´p meaning a constant input of particles with the same energy distri-
bution and BN(E, t)/Bt = 0 meaning a steady-state solution above νb. A set of particles
with a power-law distribution of energies is continually injected into the system. Elec-
trons at all energies are therefore aging as well as being replenished. However, since the
high energy particles age faster, there will still be a break in the spectrum, but this break
is not as sharp as for the initial injection model. The solution is given by N(E)9 E´p´1
and the resulting spectrum has a steepening of the spectral index by 0.5 across the break
(α´ 12 );
• other models
there are several other theoretical models for the evolution of synchrotron spectra that
are based on non-uniform or time-variable magnetic fields and turbulence.
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3.3 Intensity images
The Very Large Array can cover the low-frequency range from 73.8 to 330 MHz with a field
of view from 700 to 150 arcmin, a sensitivity from 20 to 0.2 mJy and with a resolution from 24
to 5 arcsec. Note that in the case of M87, which is » 16.7 Mpc distant, the scale for angular
resolution gives 1 arcsec = 81 pc.
The approximate synthesized beam size, as the full width at half-power, in arcsec for the cen-
tral frequency is: for 4 band 24, 80, 260 or 850 and for P band 5.6, 18.5, 60 or 200 depending on
which configuration of the array, respectively A, B, C and D (from the maximum to minimum
antenna separation, see ”Radio Interferometry” appendix).
Here, in figure 3.6, the intensity images of M87 that were used for this analysis:
• VLA image at 327 MHz (90 cm, P band; PI: F. Owen) with 7 arcsec resolution; the
observation date is 1998/07/12 and the pointing center is 12:30:48.9 +12.23.26.3;
it shows a bright central region that contains the jet and inner radio lobes, outflows to
the east and west of the inner region and two fainter, larger regions to the north and
south. The eastward-flow proceeds straight in a sort of cylinder and ends in a lobe,
frequently called ”the ear”, whereas the westward flow, initially aligned with the jet,
quickly twists towards south. Both flows come from the inner region and reach the
halo edge, where they disperse (especially the westward one). Narrow bright extended
filamentary structure is seen throughout the ear lobe/canal structures and the halo,
with low-level diffuse background emission in between and with a typical length of
» 10arcsec ¨ 3arcmin;
Owen et al. (2000) presented minimum pressure analysis for the magnetic fields and
relativistic particles at the positions indicated in fig.3.7. All the filaments have somewhat
lower minimum pressures than the surrounding thermal gas. This could imply that the
synchrotron emitting regions are far from the minimum-pressure case, that the filling
factor of the emitting regions is much less than 1, or that the thermal gas is mixed with
synchrotron emitting regions and provides much of the pressure inside the filaments.
• VLA image at 74 MHz (4 m, 4 band; PI: R. Perley, N. Kassim) with 25 arcsec resolution;
the observation date is 2001/01/19 and the pointing center is 12:30:49.5 +12.23.28;
although less resolved than the 7” resolution 327 MHz image, it confirms some charac-
teristic of the halo, showing the same structure observed for the 327 MHz image; more-
over, a systematic error is present in the form of a sort of honeycomb structure. This
is an artifact of deconvolution and it will affect the spectral index map with increased
systematic errors, above all in the halo diffuse emission.
Together, these images well resolve the structure of the radio halo, showing a bright compact
region of emission on top of a relatively faint diffuse background. They also show the same
size of the radio halo with a sharp edge, the confinement of the radio-emitting plasma within
its boundaries and the high surface brightness 7 of the compact central region with respect to
the faint surface brightness of the extended radio emission.
M87 is a bright (200 Jy) radio galaxy located at the center of the Virgo cluster. The spatial
7The surface brightness is the measure of brightness (or flux) per area on the sky and it measured
in erg ¨ s´1 ¨ cm´2
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Figure 3.6. At the top, M87 image at 327 MHz (Instrument: VLA, A configuration, 90
cm) with 7 arcsec resolution. The rms noise level is 1 mJy/beam and the flux peak is 16.1
Jy/beam. The resolution and high dynamic range of this image are high.
At the bottom, M87 image at 74 MHz (Instrument: VLA, A configuration, 4 m) with 25
arcsec resolution. The rms noise level is 44 mJy/beam and the flux peak is 204.5 Jy/beam.
The total-intensity images are displayed with the same flux-scale with a different range. The
synthesized beam is shown in the bottom-left corner of each image.
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distribution of broad-band synchrotron emission from this source consists of a bright central
region (spanning a few arcmin) containing a flat-spectrum core, a jet with known spectral
index of - 0.55 and two radio lobes with steeper spectra from - 0.8 to - 0.5 (Rottmann et al.,
1996; Owen et al., 2000). This central region is roughly two orders of magnitude brighter than
the brightest filaments in the extended diffuse radio halo that surrounded it (7 to 14 arcmin).
High resolution images of the 40 kpc-scale structure in the M87 halo have been made, in ad-
dition to the 327 MHz image by Owen et al. (2000), at higher frequencies by Rottmann et al.
(1996) with the single-dish Effelsberg radio telescope at 69 arcsec resolution at 10.55 GHz.
To compare these images, it is necessary to match their angular resolution, convolving the 327
MHz image to the resolution of the 74 MHz image. All the measured flux values therefore
will be in units of Jy/beam = Jy/(25arcsec)2).
In order to match the coordinate system and the image pixel size, the 74 MHz image was
regridded8 with respect to the 327 MHz image.
8using the task ”imregrid” in CASA that allows to regrid one image onto the coordinate system of
another.
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Figure 3.7. Gray-scale intensity image of M87 (range from 0 to 200 mJy/beam) and the location of
minimum pressure analysis regions (Owen et al., 2000).
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Figure 3.8. Spectral index map between 327 MHz (90 cm) and 74 MHz (4 m) images. Pixels where
the error were above 3σ are blanked. The synthesized beam is shown in the bottom-left corner of the
image.
This map shows the products of a shift in the coordinate systems. The spectral index values in the
cocoon should be constant (ranging from 0.55 to 0.6 in the literature; Biretta et al., 1991; De Gasperin
et al., 2012), while here there is a gradient in the core. Moreover, in the south-west region there is a
wide flattening not consistent with the steepening in the other boundaries.
3.4 Spectral index map
A low-frequency spectral index map of M87 was obtained by combining the 327 MHz image
with the 74 MHz image, produced with the same beam and cellsize. The result is shown in
figure 3.8.
The spectral index map shows a shift in the coordinate systems. It appears clear from the
spectral index values in the cocoon that should be constant (ranging from 0.55 to 0.6 in the
literature; Biretta et al., 1991; De Gasperin et al., 2012) and in the south-west region where
there is a wide flattening not consistent with the steepening in the other boundaries.
Ionospheric fluctuations can easily affect a map producing shifts of many arcminutes even for
sources that have been phase-aligned to a model. In particular, at low frequencies, it can both
shift and stretch the map so at times there is no simple linear solution to match the images.
This happens because the ionosphere is inhomogeneous and various directions have different
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values of refraction indices introducing a phase shift.9
Comparing the brightest pixel positions in the images, the 330 MHz image results shifted
towards south-west. Using contour lines with respect to the maximum of the emission, it
is possible to find a value in right ascension and declination to shift the 330 MHz image
coordinate system.
To test the alignment performed by shifting the centroid of the 74MHz one, I realized a cross
correlation between the regridded intensity images and the result is shown in figure 3.9.
The maximum value of the correlation is located in (0,0) point, so the re-alignment is correct.
The new spectral index map is shown in figure 3.10.
The central cocoon has a spectral index ranging from - 0.6 to - 0.55, consistent with De
Gasperin et al. (2012) in the radio band and at higher frequencies up to the optical band
(Biretta et al., 1991). A steepening of the spectral index is present at the north-east and south-
east edges of the map with values from -1.8 to -0.9, where the emission is weaker, whereas a
flattening is visible in some of the flow-active locations, e.g. the east lobe (the ”ear” zoomed in
fig. 3.11) and the initial part of the west flow. In the southern lobe the spectral index flattens
assuming values in the range from -1 to -0.75 where the bright flow twists and bends with
respect to the surrounding regions and it is comparable to what is observed in the east lobe
in the radio-brightest zones, where α ranges from -1 to -0.8.
Differences between the lobes were also found by Rottmann et al. (1996) at 10 GHz. They
observed a higher degree of polarization in the southern lobe due to the Laing-Garrington
effect (see section ”Relativistic beaming and superluminal motion”) and a total flux from the
southern lobe that is 20% higher than from the northern one.
The faint extension towards the north-east is the steepest part of the halo, reaching a spectral
index of 1.8. Interestingly, this feature is collocated with what Forman et al. (2007) identify as
an external cavity in the X-ray halo. Note that the northern halo is related to the counter-jet
(that is not directly observable), and therefore farther away from the observer. Moreover, it has
the lowest signal-to-noise ratio of the map, therefore it could be affected by spurious features.
9Since the refractive index of the atmosphere is not equal to 1, an electromagnetic wave propagating
through it will experience a phase change, according to the Snell law. The phase change is related to
the refractive index of the air n and the distance traveled D by φ = (2pi/λ) ¨ n ¨D.
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Figure 3.9. Cross correlation map between the regridded intensity images. The (0,0) point correspond
to the equatorial coordinates (J2000) RA 12:30:49.4 DEC +12.23.28. The maximum value of the map
is located there, meaning that no shift in the coordinate system is needed to align the intensity images.
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Figure 3.10. Spectral index map between 327 MHz (90 cm) and 74 MHz (4 m) images. Pixels
where the error were above 3σ are blanked. a systematic error is present in the form of a
sort of honeycomb structure. This is an artifact of deconvolution. At the bottom, the map
with contour lines from the 327 MHz at (1, 2.5, 5, 7.5, 10, 15, 20, 25, 30, 35, 45, 250, 1000)x3σ.
The synthesized beam is shown in the bottom-left corner of each image.
The central cocoon has a spectral index ranging from - 0.6 to - 0.55. A steepening of the
spectral index is present at the north-east and south-east edges of the map with values from
-1.8 to -0.9, where a reduction in the emission is present, whereas a flattening is visible in
some of the flow-active locations, like the east lobe. In the southern lobe the spectral index
flattens assuming values in the range from -1 to -0.75 where the bright flow twists and bends
with respect to the surrounding regions and it is comparable to what is observed in the east
lobe in the radio-brightest zones, where α ranges from -1 to -0.8.
3. Data analysis 84
Figure 3.11. Spectral index error map zoomed in the ear-lobe region. The contour lines are from the
327 MHz at (1, 2.5, 5, 7.5, 10, 15, 20, 25, 30, 35, 45, 250, 1000)x3σ. The synthesized beam is shown
in the bottom-left corner of the image.
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Figure 3.12. Spectral index map zoomed in the feature region. The contour lines are from the 327
MHz at (1, 2, 3, 4, 4.5, 5, 5.5, 6, 8)x3σ. The synthesized beam is shown in the bottom-left corner of
the image.
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Figure 3.13. Spectral index error map between 327 MHz (90 cm) and 74 MHz (4 m) im-
ages. Pixels where the error were above 3σ are blanked. At the bottom, the map with
contour lines from the 327 MHz at (1, 2.5, 5, 7.5, 10, 15, 20, 25, 30, 35, 45, 250, 1000)x3σ. The
synthesized beam is shown in the bottom-left corner of each image.
3.5 Spectral index error map
The error on the spectral index is:
∆α =
1
log( ν1ν2 )
∆log(
S1
S2
) =
1
log( ν1ν2 )
d
(
∆S1
S1
)2 + (
∆S2
S2
)2 (3.28)
using the statistical formula ∆ f =
bř
i(
B f
Bxi∆xi)
2 where f (xi) is a generic function. Consid-
ering the two images S1 and S2, the relative errors ∆S1 and ∆S2 are calculated as rms noise
level. The result is presented in figure 3.13 and as expected the error distribution follows the
intensity distribution (fig. 3.6). The relative error range is (0.0004´ 0.5)Jy/beam.
However, a systematic error is present in the form of a sort of honeycomb structure in the
74 MHz image. This is an artifact of deconvolution and affects the spectral index map with
increased systematic errors, above all in the halo diffuse emission.
3.6 The feature
The major result in the spectral index map obtained in this work is the presence of a flattening
of the spectral index in the north-west region, as shown in the zoomed image in fig. 3.12. It
appears as a nearly linear feature with a length of » 16 kpc. This feature is particularly im-
portant because it does not appear in previous spectral index maps. In the LOFAR paper (De
Gasperin et al., 2012), a low-frequency spectral index map was obtained combining images in
the LBA range (from 45 to 77 MHz) with those in the HBA range (from 115 to 162 MHz) and
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Figure 3.14. The spectral index map with the irregular region around the feature and a control
region surrounding the feature but containing the same area.
the 327 MHz image, convolving all the images to a resolution of 50 arcsec.
They report a flattening of the spectrum by 20% compared to the rest of the halo in the north-
west part of it, asserting that it seems not to be related with any structure in the brightness
maps. However, we will show that it is actually related to a low-emissivity region in the 74
MHz image.
By integrating the flux along the length of the feature, it is possible to derive an integrated
spectral index with smaller errors. The result can be compared to the integration of a control
region surrounding the feature but containing the same area.
The irregular region around the linear feature and the control region are shown in figure 3.14.
The first approximately covers the region with α ą ´0.8, whereas the latter is obtained by
shifting that irregular region onto the background.
The statistical value for the feature ( f ) is:
α
f
mean = ´0.75˘ 0.04
and the statistical value for the control region (c) is:
αcmean = ´0.88˘ 0.04
So, α fmean ´ αcmean = 0.13, which is greater than 3σ where σ is the standard deviation of the
control region.
Considering α fmean = ´0.75, the electron energy spectral index p is equal to 2.5, from α = 1´p2 .
Note that the feature region contains the effect of deconvolution errors and low signal- to-
noise of the halo emission.
3.7 Minimum energy analysis and synchrotron ages
Synchrotron age, that is the timescale for the radiation by the particle, is highly dependent on
magnetic field estimates and the chosen model for the evolution of the energy distribution of
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Figure 3.15. Minimum magnetic field distribution map. The values are expressed in Gauss, therefore
the range is (10.6´ 23.6)µG. Note that using discrete values for the function ξ for intervals of α
causes edge effects in the map.
the ensemble of radiating particles.
The minimum magnetic field can be written as in eq. 3.25.
Tabulated values of ξ(α, ν1, ν2) are presented for ν1 = 10 MHz, ν2 = 10 GHz, for α between -0.4
and - 2 in increments of 0.1, assuming that the spectral index changes by less than 0.1 between
10 MHz and 10 GHz (Govoni & Feretti, 2004).
Considering the 327 MHz intensity image with a conversion from Jy/beam to mJy/arcsec2,
a distribution map of the minimum magnetic field can be made with the source brightness
values and ξ(α, 10MHz, 10GHz) where α values are from the spectral index map shown in
figure 3.10.
The other chosen parameters are k = 1 (which is usually assumed, meaning that the particle
energy is equally divided between electrons and protons), z = 0.004 (which is actually irrel-
evant) and d = 0.12 kpc, considering that 1 arcsec = 81 pc and 1 pixel = 1.5 arcsec (from the
image header).
The minimum magnetic field distribution map and the relative histogram are shown in fig.
3.15 and 3.16. The values are in the range (10.6´ 23.6)µG.
Considering the region selected in fig. 3.7, Owen et al. (2000) show that the magnetic field
consistent with the minimum pressure in various parts of the outer halo lie between 7 and
10µG.
To estimate the synchrotron age of the feature using the minimum field values, a mean value
for Bmin is calculated using the same profile around the feature in fig. 3.14: B
f
min = 12µG.
Recalling that
ts[Myr] = 1610 (B[µG])´3/2 (νb[GHz])´1/2
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Figure 3.16. Histogram from the minimum magnetic field distribution map.
Figure 3.17. On the left, spectral fit for the initial injection model. On the right, spectral fit for the
ongoing injection model (Urvashi, 2010).
the break frequency is needed.
For p = 2.5, I used the values for νb found out by Urvashi (2010) for p = 2.6 (named ’s’ in her
notation), shown in fig.3.17. The data consist of 5 flux measurements between 75 MHz and 1.8
GHz (or 4.8 GHz). For each value of p, a critical frequency that gives the best fit of the data
to the model is found, obtaining best-fit solutions for both the initial injection and ongoing
injection models. The expected region of spectral turnover is 1 - 10 GHz. Across the range 75
MHz - 1.4 GHz, there is no clear sign of a spectral break or cut-off.
These solutions were obtained for the initial injection as well as ongoing injection models that
differs only for form of the source term, as explained in section ”Aging and spectral models”:
• the initial Injection model for p = 2.6 has νb » 5GHz and ts = 17.3 Myr;
• the ongoing Injection model for p = 2.6 has νb » 1GHz and ts = 38.7 Myr.
Note that the ongoing-injection model applies only to regions that are continuously fed by an
energy source, or to regions where there is some local form of particle injection. On the other
hand, the initial-injection model applies when energetic particles are produced in the jet and
the travel outwards in the form of buoyant or expanding bubbles and age via synchrotron
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D(kpc) ρ(10´3cm´3) Vmin(108cm/s) Vmax(108cm/s) Vmean(108cm/s) τmax(Myr) hspace1cm τmin(Myr) hspace1cm τmean(Myr)
4.1 82.4 3.45 7.68 4.23
8.2 32.6 5.49 12.22 6.73
12.3 18.7 7.25 16.13 8.89
16.4 14.7 8.17 18.19 10.02
20.6 11.3 9.32 20.75 11.43
24.7 9.06 10.41 23.17 12.77
28.8 7.53 11.42 25.42 14.00
32.9 6.56 12.23 27.23 15.00
Table 3.1. The Alfvén velocities corresponding to the following values for the minimum
magnetic fields Bmin = 10.6 µG , Bmax = 23.6 µG, Bmean = 13 µG.
D is the length scale and ne is the X-ray density values from Nulsen & Böhringer (1995)
scaled to the distance of 17 Mpc.
D(kpc) τmin(Myr) τmax(Myr) τmean(Myr)
4.1 1.16 0.52 0.95
8.2 1.46 0.66 1.19
12.3 1.66 0.75 1.35
16.4 1.96 0.88 1.60
20.6 2.16 0.97 1.76
24.7 2.32 1.04 1.89
28.8 2.47 1.11 2.01
32.9 2.63 1.18 2.15
Table 3.2. Alfvén timescales for the Alfvén velocities corresponding to the following values
for the minimum magnetic fields Bmin = 10.6µ G , Bmax = 23.6µG, Bmean = 13µG.
radiation with no additional sources of energy.
An other useful estimate for timescale can be obtained calculating the Alfvén time tA, which
the time-scale on which Alfvénic magnetohydrodynamic effects can occur.
Using the X-ray density values from Nulsen & Böhringer (1995) scaled to the distance of 17
Mpc, as in Owen et al. (2000), it is possible to estimated tA, knowing that:
vA[cm/s] =
106 B[µG]a
4piρ[g/cm´3]
tA =
D
vA
where vA is the Alfvén velocity10, ρ is the density and D is the length scale.
The results are shown in tab. 3.1 and 3.2 for three values of the minimum magnetic field
previously calculated: Bmin = 10.6 µG , Bmax = 23.6 µG, Bmean = 13 µG.
10vA is the velocity of propagation of Alfvén waves in the direction of the magnetic field
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Therefore, the mean Alfvén timescale lies in the range (0.95 - 2.15) Myr. Comparing these
values to the estimated synchrotron ages 17.3 Myr and 38.7 Myr, respectively for initial injec-
tion and ongoing injection models, the analysis supports an adiabatic expansion of the plasma.
Since the electron diffusion speed is limited by the Alfvén speed, during their lifetimes they
can cover distances that are smaller than the observed extension of radio halos. The radial
spectral steepening cannot be simply due to aging of radio-emitting electrons.To explain their
emission, a mechanism of in situ reacceleration of relativistic electrons has been proposed:
MHD turbulence that stochastically accelerates pre-existing electrons through a Fermi pro-
cess. Therefore, a high frequency cut-off is expected in the synchrotron source spectra be-
cause of the low efficiency of this acceleration mechanism. Moreover, turbulence can cause
a radial steepening and a complex spatial distribution of the spectral index due to different
acceleration processes in different cluster regions and a complex radio halo morphologies due
to intermittence of turbulence.
Therefore the spectral steepening observed in radio halos going from the core to the outskirts
must be related to the intrinsic evolution of the local electron spectrum and to the radial pro-
file of the magnetic field (Feretti, 2004; Vacca, 2012).
Other estimates of the halo age as dynamical ages:
• if the bubble motion is driven by an energy source, then for an expanding lobe powered
by a constant energy source at the center and overpressured with respect to its sur-
roundings, the age of the source can be estimated as the time taken for the outer edge
of the lobe to expand to a certain size (volume). The volume of the lobe V(t) is related
to the input power, external density and lifetime as tdyn » 120 Myr for E˙ » 1044erg/sec
and nX » 0.01 (Owen et al., 2000).
• if the bubble motion is buoyant, then it rises up through an atmosphere of hot plasma
and for a distance of » 40 kpc tbuoyant » 40´ 60 Myr (Churazov et al., 2001).
The overall picture for the extended radio halo dynamic of Virgo A can be describes as a
composite of many plasma bubbles. These bubbles are inflated in the central nucleus of M87
by the powerful jets. There, in fact, cavities in the thermal gas are visible.
As soon as they leave the dense core, a strong adiabatic expansion shifts their radio emission
towards lower frequencies and lower fluxes. Then they buoyantly rise towards the halo out-
skirts where they disperse. During their motion, the bubbles lift up cold X-ray emitting gas
from the centre of the cluster.
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Chapter 4
Discussion
4.1 Multiwavelength comparison
A composite of optical, X-ray and radio images of M87 (fig.4.1) was produced using an X-ray
in the keV band (0.5 - 1 keV, Chandra Observatory, NASA/CXC/CfA/W. Forman et al., 2007),
the 327 MHz radio image (VLA, Owen et al., 2000); and an optical image (SDSS, 7500 Å).
It is clear that no optical counterpart is found in the region of the radio halo, whereas on the
other hand radio and X-ray structures present a correlation.
The apparent correlation between structures seen in the radio and X-ray in the ear-lobe and
ear-canal regions suggests some form of local activity that might contribute to the transfer of
energy between the radio plasma and the surrounding thermal ICM.
Note that towards north-west in the region of the feature, no optical or X-ray counterparts are
visible. Therefore the feature observed in the halo is formed by the radio-emitting plasma.
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Figure 4.1. Top left: composite of optical (green) and X-ray (red) images of the M87.
Top right: composite of optical (green) and radio (blue) images of the M87.
Bottom left: composite of radio (blue) and X-ray (red) images of the M87.
Bottom right: composite of optical (green), radio (blue) and X-ray (red) images of the M87.
Credits: X-ray NASA/CXC/CfA/W. Forman et al. (broadband keV); radio NRAO VLA Owen (90
cm); Optical: SDSS (7500 Å)
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Figure 4.2. Low-frequency spectral index map obtained from LOFAR-LBA (45´ 71 MHz only) and
LOFAR-HBA (115´ 162 MHz) observations, together with VLA map at 325 MHz. Contour lines
are from the 325 MHz map. On the right: spectral index 1σ error map. (de Gasperin et al., 2012)
4.2 Comparison
The spectral index map obtained in this work can be compared to the LOFAR one’s (De
Gasperin et al., 2012). They used an averaged image in the HBA frequency range (115´ 162
MHz, with 50 arcsec resolution) and one in the LBA frequency range (45´ 77 MHz, with 50
arcsec resolution) obtained with the LOFAR instrumentation. Then, a low-frequency spectral
index map (fig.4.2) was obtained by superposing those two images and using the VLA image
at 327 MHz (convolved at the same resolution of 50 arcsec) and calculating the spectral index
for each pixel using a linear regression.
Therefore, they present in addition to the images of this work a frequency range that is inter-
mediate between 74 MHz and 327 MHz. They observe a flattening in the north-west part of
the map, but it does not clearly appear as a linear feature and the flattening is more diffuse.
However, they averaged several images in the LBA and HBA range and the resolution is lower.
They do not discuss any possible interpretation: ”Although in the lowest signal-to-noise zone
of the map, we report a flattening of the spectrum by 20% compared to the rest of the halo in
the north-west part of it. This feature seems not to be related with any structure in the bright-
ness maps. [...] A low-frequency spectral index map of Virgo A shows no obvious relation
between spectral index and brightness. A flattening of the spectral index, instead, is visible
at the northern lobe towards west and in the position of enhanced radio flux density.” (De
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Gasperin et al., 2012).
By courtesy of De Gasperin, it was possible to calculated directly the mean value of spectral
index from the map presented in De Gasperin et al. (2012) and shown here in fig.4.3. With
the same profile around the feature used on the map in fig. 3.14, the LOFAR mean value in
the region of the feature is:
α
f
mean´LOFAR = ´0.82˘ 0.05
and the statistical value for the control region (c) is:
αcmean´LOFAR = ´0.95˘ 0.06
Recalling the value for the feature in the map obtained in this work:
α
f
mean = ´0.75˘ 0.04
αcmean = ´0.88˘ 0.04
Therefore, it can be concluded that the flattening is of the same order going to the background
to the feature region. However, the instrument has different bandpass and the curvature of
the spectrum can be different at different frequencies.
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Figure 4.3. Spectral index map between 327 MHz (90 cm) and 74 MHz (4 m) images with a
range from -2 to -0.5. Pixels where the error were above 3σ are blanked. A systematic error
is present in the form of a sort of honeycomb structure. This is an artifact of deconvolution.
The LOFAR spectral index map (by courtesy of De Gasperin) presented in fig. 4.2 but with
the same range and scale of the map obtained in this work.
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Figure 4.4. On the left, the 74 MHz image zoomed in the region of the feature from the spectral index
map (fig.3.12). On the right, the same image with the irregular region around the feature chosen in
fig. 3.14.
4.3 The feature interpretation
The feature found in the spectral index map corresponds to a region in the 74 MHz image
characterized by the lowest emission of intensity, as it is possible to see in the images in fig.
4.4.
Superposing the same irregular profile chosen in fig. 3.14 on the 74 MHz image in the region
corresponding to the feature, a mean value of intensity is 0.81 Jy/beam. The mean value in
the surrounding halo is 1.45 Jy/beam.
A minimum in the radio emission could mean that the particles on the feature region are
aging trapped in a region with a low magnetic field.
The synchrotron source is optically thin everywhere so another explanation has to be sought
for why there is a flattening of the spectral index. Any loss mechanism increases α. Only
injection, e.g. reconnection, provides an effective injection mechanism, and this must be local
(i.e. within a single filamentary structure). The jet cannot account for the low index since
it shows a steeper spectrum than the feature. Further, any relic from the jet or lobes will
equally show at least as high a spectral index as the jet and core from propagation. We are left
with only one simple option, that the magnetic field and relativistic particle density are both
lower in the feature – and in its less prominent counterpart on the opposite side of the lobes
– than elsewhere in the radio halo. Two specific physical conditions favor this explanation.
One is that the emissivity in the feature is lower than the rest of the lobe. The other is the
relative confinement of the feature within the overall tangle of field and emission regions.
Aging is easily included in the propagation equation (eq. B12, Eilek & Shore 1989). Note that
the energy density is low and the structure is far from the nucleus so the radiation energy
density is also. All particles will undergo inverse Compton losses. But that means if there is
a difference it is attributable to the local field. A highly tangled, homogeneous, space-filling
turbulent magnetic field will produce pitch angle scattering throughout its length. In this case,
however, a weak ordered field B0 provides a guiding center for the streaming electrons that
will radiate efficiently once they reach the outer lobes, for which the magnetic energy (entirely
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concentrated in knots and filaments) is about the same but the field configuration is random.
Hence, for much of the lobe volume, the minimum energy argument applies. For the low field
strength regions, while a value for the (volume averaged) magnetic field energy density will
be about the same as the jet, the tangled structure is closer to the conditions required for the
argument to be valid.
4.4 Aging model
Standard aging models assumes that the particles are well mixed in a uniform magnetic field.
However, magnetic fields in synchrotron sources are almost certainly inhomogeneous, mixing
high-field and low-field regions. In the M87 case, in fact, the halo region appears inhomoge-
neous with a plasma highly filamented.
This inhomogeneity affects the evolution of the electron distribution due to the rate of en-
ergy loss changing as electrons move between regions of different magnetic field strengths
(Eilek, Melrose & Walker, 1997). Let consider the halo plasma containing regions that are
distinguished by the strength of the magnetic field: a high-field region and a low-field re-
gion. The regions of high magnetic field, which could be the filaments, are separated by low
magnetic field regions. If a relativistic electron spends much of its life in a low-field region,
and then moves into a high-field region in which it can radiate efficiently, on average it loses
energy more slowly than if it were continuously in the high-field region. Thus the source
looks younger than it is, as could be the case of the feature characterized by a synchrotron age
lower than 40 Myr.
The finite thickness L of the interfaces between the high- and low-field regions is important
when assuming the particles initially or continually injected into the low-field region, slowly
propagating into the high-field region. The propagation across field lines is probably diffusive
in nature. So a diffusion coefficient D and its timescale τ = L2/4D play a role.
Therefore, a given relativistic particle spends only a fraction of its time in the high-field region
but its synchrotron losses are important only while it is in the high-field region.
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4.5 Conclusion
M87 is a large elliptical galaxy hosting an active nucleus and one of the first identified radio
sources, called Virgo A. In fact, it lives at the center of Virgo cluster that is the nearest cluster
of galaxies, giving the possibility to study one of the most clear examples of AGN-cluster
interaction.
Most radio galaxies at similar power are supported by jets that remain collimated until 100
kpc. However, the M87 jet is collimated for only a few kiloparsecs, disrupting close to the
galactic center. The interaction with the ICM creates the large-scale radio structure of M87,
known as the halo, which show a complex radio emission formed by flows from the M87
nucleus that extends well beyond the inner region containing the jet.
The halo region is inhomogeneous with a highly filamented radio-loud plasma. These regions
could present high magnetic field strength, high relativistic particle density, or both, whereas
the interfilament regions could simply be low-field, or low particle density, regions. Alterna-
tively, they could be regions dominated by thermal plasma from the cluster atmosphere.
In general, during their lifetime, relativistic particles cross a wide range of magnetic field
strengths, experiencing different aging. As a result, the final particle spectral distribution will
be a sum of spectra with many break frequencies. In fact, particles that have spent much
of their life within strong magnetic fields will have a very low break frequency, which can
modify the low-frequency slope of the radio spectrum.
Two intensity maps of Virgo A are presented in this thesis: a VLA image at 327 MHz (90
cm, P band; F. Owen) with 7 arcsec resolution and a VLA image at 74 MHz (4 m, 4 band; N.
Kassim) with 25 arcsec resolution. These images well resolve the structure of the radio halo,
showing a bright compact region of emission on top of a relatively faint diffuse background.
Assuming that Fν9να, a low-frequency spectral index map was then obtained by combining
the 327 MHz image with the 74 MHz image, produced with the same beam. This map shows
values for α in the range from -2 to -0.5, in agreement with what found by De Gasperin et al.
(2012).
The central cocoon has a spectral index ranging from - 0.6 to - 0.55, whereas a steepening of
the spectral index is present at the north-east and south-east edges of the map with values
from -1.8 to -0.9, where a reduction in the emission is present. A flattening is visible in some
of the flow-active locations, but the major result in the spectral index map obtained in this
work is the presence of a flattening of the spectral index in the north-west region. It appears
as a sort of linear feature with a mean spectral index of ´0.75˘ 0.04. This feature is particu-
larly important because it does not appear so clearly in previous spectral index maps. In the
LOFAR paper, they just observe a flattening in the north-west part of the map, but it does not
appear as a linear feature and the flattening is more diffuse.
Being aware that the feature region contains the effect of deconvolution errors and is a low
signal-to-noise region of the halo emission, it corresponds to a a region in the 74 MHz image
characterized by the lowest emission of intensity. A minimum in the radio emission could
mean that the particles on the feature region are aging trapped in a region with a low mag-
netic field where electrons live longer. In fact, if a relativistic electron spends much of its life in
a low-field region, and then moves into a high-field region in which it can radiate efficiently,
on average it loses energy more slowly than if it were continuously in the high-field region.
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Thus the region looks younger than it is, as could be the case of the feature characterized
by a synchrotron age lower than 40 Myr (for both particle injection models), calculated using
minimum energy estimate for the magnetic field realized on the 327 MHz image and break
frequencies from Urvashi (2010).
In the equipartition analysis, an average magnetic field strength of 12µG was found in the
feature region, while a magnetic field of 30µG is present in the inner cocoon (De Gasperin et
al., 2012).
The Alfvén timescale estimate gives a value of » 2 Myr for a particle to reach the halo bound-
aries. Therefore, the dynamic can be described as adiabatic expansion.
Studying the low radio frequency emission of the M87 halo, from 330 MHz down to 25 MHz,
the source appears well confined within boundaries that are identical at all frequencies.
Observations at these frequencies should enable us to probe older populations of electrons,
recalling that the characteristic frequency at which an electron emits synchrotron radiation 1
is νb = B´3 ¨ t´2. Those are expected to accumulate at lower energies, which would imply a
low-frequency spectral steepening.
However, low-frequency observations of Virgo A, as the maps here presented in addition to
the ones from Owen et al. (2000) and de Gasperin et al. (2012), do not reveal a previously
hidden spectral steepening toward low frequencies and show the extended radio halo to be
well confined within boundaries. Moreover, the low-frequency halo spectrum outside the
central region is considerably steeper (in general with α < - 0.8, except for the feature region)
with respect to the core region. Simple synchrotron aging would have left untouched the
low-frequency part of the spectrum.
As suggested by Murgia et al. (1999) and de Gasperin et al. (2012), the most probable explana-
tion of this steepening at low frequencies is strong adiabatic expansion of the plasma bubbles
that happens as soon as they leave the dense central region. This occurs in combination with
a superposition of differently synchrotron-aged electron populations. Adiabatic expansion
of the relativistic plasma will shift the spectra towards lower frequencies down to the MHz
region and lower intensities, therefore can also affect the low-frequency end of the spectrum.
What is certain is that the gas is expanding into the surrounding cluster gas and not flowing
inward as proposed in the cooling flow model. In fact, the halo is expanding outward into the
cluster gas thanks to a continuing energy input from the jet. It can be described as a bubble,
with a well-defined outer boundary that separates the internal, radio-loud plasma from the
external, thermal cluster gas with approximate pressure balance between them (Owen et al.,
2000).
The gas clouds out of which galaxies and clusters form were heated by the energy released
during their initial gravitational collapse. Some of the gas then cooled to form the objects that
can be observed. The gas particles in the hot atmosphere in the central cluster region lose
much of their thermal energy to X-ray bremsstrahlung radiation. In the core of a cluster, in
fact, the atmosphere is naturally densest, therefore the radiative cooling time due to the emis-
sion of the observed X-rays is shortest there.This time in general is significantly shorter than
1assuming the strong-field limit for which inverse Compton cooling is negligible.
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the Hubble time, therefore if no additional heating mechanism is present, the gas cools and is
expected to flow inwards, forming a cooling flow (Fabian, 1994). In fact, when cooling reduces
the gas temperature, the gas density must rise in order to maintain the pressure therefore the
diffuse radiating gas must flow towards to the center of cluster forming a pressure-driven
flow.
However, the cooling rate in some clusters is in reality much smaller than what expected. In
these cases, there is the possibility that the gas is prevented from cooling by some heating
mechanism, like the presence of an AGN with powerful jets.
Some fraction of the jet energy could go to turbulence or bulk flows, while the rest could go
to heating. The heat will directly drive an outward expansion of the gas into the cooler, lower
pressure gas sitting above it. Therefore, competing processes like heating, radiative cooling,
expansion and turbulence play a role. This can be the overall picture for M87, sitting in the
center of a cluster.
In fact, measurements of the jet power suggest that the active nucleus plays a significant role
in reheating the intra-cluster medium preventing cooling below a certain temperature. How-
ever, the mechanism by which this feedback may be occuring is not well understood.
Feedback processes and timescales for the Virgo cluster can be studied by modeling the forma-
tion and evolution of various features in the M87 radio halo. Ages of the observed radio halo
estimated from models of bouyant or driven bubbles are an order of magnitude smaller than
the expected cooling time. So, mechanical energy transport alone is not enough. However,
observations of X-ray emission show possible correlations with some features in the observed
M87 radio halo, suggesting that these are sites of possible energy transfer between the radio
plasma and the thermal ICM.
More intensity images of M87 are needed for future works at frequencies lower than 74 MHz,
as new LOFAR radio telescope can do. This would be useful to check the presence of the flat
feature in the north-west part of the halo. Moreover, the filamentary structure can be studied
in more detail to understand its nature.
Also to ultimately draw conclusions the AGN and the surrounding medium, further analy-
ses will be useful. New LOFAR and VLA observations are necessary to provide the higher
angular resolution (less than 5 arcsec) maps of the Virgo A halo ever obtained and a contin-
uum coverage from 30 MHz up to 8 GHz, thanks also to single dish observations as possible
with the Green Bank Telescope (GBT, fully steerable 100m radio telescope in West Virginia,
USA).With this information it will be possible to study the many interesting phenomena that
occur in M87.
Appendix A
Radio Interferometry technique
A.1 Angular resolution
The main great advantage of radio interferometry is the large improvement of resolution.
From diffraction theory, it is well-known that the image resolution for an aperture of diameter
D at wavelength λ has a diffraction limit equal to θ(rad) » λD or θ(arcsec) » 2λ(cm)/D(km)
in practical units.
The resolution of a large optical telescope is limited to» 0.5 arcsec by atmospheric fluctuations
(seeing), although the diffraction limit is much smaller.
Because of the longer wavelengths, radio telescopes have fuzzier vision than optical telescopes.
For a single dish antenna, the angular resolution is:
θ(rad) = k
λ
D
(A.1)
where k is a factor of order unity that depends on details of antenna illumination (Wilson,
Rohlfs & H’´uttermeister, 2009).
The point is that to improve angular resolution the diameter D must be increased (for a given
wavelength). However, practical issues, such as tracking accuracy and deformations, limit the
size of a single dish telescope.
Using as example Effelsberg 100 m radio telescope near Bonn, which is one of the currently
largest single, fully-steerable aperture, the angular resolution at 21 cm (HI line) is 420 arcsec.
In this case, to obtain a resolution equal to 1 arcsec typical of the optical band, the diameter
should be » 42 km. A single dish of this size would collapse under its own weight.
Michelson was the first to show that a better resolution, necessary for extragalactic radio
sources 1, could be obtained coherently combining the output of two reflectors both of diam-
eter D separated by a distance b " D.
Then, the first radio interferometers were used in the late 1940’s and interferometry was de-
veloped in order to synthesize an equivalent aperture through summations of separated pairs
of antennas, laying the groundwork for the aperture synthesis method, formulated by Ryle
and Hewish in 1960.
Using this approach, a remarkable improvement in radio astronomical imaging was possible.
1The majority of extragalactic radio sources are smaller than 1 arcmin.
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At centimeter wavelengths, and increasingly in the millimeter region as well, using an array
of telescopes for aperture synthesis is now the rule.
Note that the contribution and variation of the radio sky do not affect the observations, there-
fore there is no need to subtract them as occurs in the visible wavelengths. However, radio
telescopes can suffer interference of terrestrial origin and from strong radio sources in other
parts of the sky.
A.2 The two-element interferometer
An image of a distant source is formed when electromagnetic radiation from the source passes
through an aperture of finite size and falls on a screen that can save the information about the
intensity of the incident radiation. The aperture can be a lens as well as an antenna.
To measure the power of the radiation field produced along a set of directions covering dif-
ferent parts of the source, the latter needs to be spatially incoherent: the radiation produced
by one part of the source is not correlated with that from any other part of the source.
So images of a distant radio source can be made by measuring the mutual coherence function
of the electric fields at pairs of points in a plan normal to the direction of the source. This
requires basic concepts of wave interference and Fourier transforms.
The mutual coherence function describes the cross correlation of the radiation field at two
given points. This has the dimension of power and can be easily measured using two element
interferometers through sequential measurements with different baselines.
In the single dish case, the power response of a single uniformly illuminated aperture has a
main beam and sidelobes, whereas in the interferometer case, for instance two small antennas
separated first by a distance b and then by a distance 2b, there are fringes centered about zero
due to the correlation of the antennas’ output and the sidelobe level does not decrease with
increasing angular offset from the axes of the antennas. This analysis led to the downside that
for a given spacing only a source structure comparable to, or smaller than, a fringe is fully
recorded.
Note that by doubling the separation of the antennas, the fringe width is halved. This means
that for larger antennas distance, the interferometer angular resolution is greater. Moreover,
if the shortest distance between any pair of small telescopes is bmin, then sources that cover an
angle on the sky larger than λ/bmin will hardly be detected at all.
Therefore, the fundamental parameter here becomes the distance between two antennas: the
baseline~b, which defines the direction and separation of the antennas.
In an interferometer array of N antennas, the total number of baselines is N(N´ 1)/2 and the
image resolution is then given by the maximum baseline bmax:
θ(rad) » λ
bmax
(A.2)
Note that the field of view of the primary beam is still θ » λD , so increasing D, finer and finer
source structure can be measured. Each dish of diameter D receives radiation only from a
patch on the sky which is λ/D across; this limits the region we can map with each pointing
of the synthesis array.
In conclusion, this technique allows better resolution but not a better sensitivity. In fact, the
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synthesized telescope has a collecting area smaller than a filled single dish of the same diam-
eter would have; thus, mapping faint sources can require longer expositions.
However, combining the outputs of independent data sets for different baselines allows to
analyze different structural components of the source and finer structure can be recorded if
more antennas are added. The current method in radioastronomy to obtain high quality im-
ages is the aperture synthesis.
In the 1980s, arrays such as the VLA were built. These are interferometers whose individual
antennas are connected in real time by cables, optical fibers or microwave links.
However, in order to go beyond these results and gain more in resolution, a way to increase the
baseline was required. The antennas must have been spaced of about thousands of kilometers,
therefore the Very Long Baseline Interferometer (VLBI) was born. In VLBI, the antennas have
such large separations that real time links are difficult. Currently, the link is achieved by pre-
cise timing, with data and time recorded at each antenna. Producing fringes requires aligning
the data recorded at each antenna using the time signals and additional software techniques. 2
Let now consider the most simple interferometer in order to seek basic relations between
the characteristics of the product of signals from two separated antennas and the distribution
of the source brightness.
Some simplifications are necessary:
• emission in the far field;
• sinusoidal signals (quasi-monochromatic radiation);
• no distortions during propagation due to the earth’s atmosphere;
• idealized electronics (no receiver noise or instrumental effects);
• antennas sensitive only to the same state of polarization.
The two-element interferometer, as shown in fig. A.1, is a system of identical antennas, sepa-
rated by a vector distance~b, that are receiving signals from the unit vector~s, which specify the
direction of the source. The extra time taken for the signal to reach the more distant antenna,
called geometric time delay, is τg =
~b ~¨s
c and the corresponding phase is φ = ωτg =
2pi~b ~¨s
λ .
The coherence function is measured by correlating the outputs of two antennas:
V1 = v1 cos[ω(t´ τg)] V2 = v2 cos(ωt) (A.3)
Then, in the correlator step the signals are input to a multiplying device followed by a time
average operation. After removing rapid oscillations, the result is the mutual coherence func-
tion of the received wave, therefore a fringe pattern.
The average product rC(τg) is dependent on the receiver power (9 v1 v2) and geometric delay,
hence on the baseline orientation and source direction:
rC(τg) = v1v2cos(ωτg) = v1v2 cos(2pi
~b ¨~s
λ
)
2There is progress in using near real-time links via internet connections, however. This technique
is known as e-VLBI.
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Figure A.1. Schematic diagram of a stationary quasi monochromatic two-element interferometer.
Note that rC(τg) is not a a function of the time of the observation, the physical location of
the baseline 3, the actual phase of the incoming signal and the distance of the source. On the
other hand, the product is dependent on the antenna collecting areas and electronic gains but
these factors can be calibrated for.
If the relative orientation of interferometer baseline ~b and wave propagation direction ~s re-
main invariable, τg remains constant, so does rC(τg). But since~s is slowly changing due to the
rotation of the Earth, τg will vary, and we will measure interference fringes as a function of
time. The signal varies slowly as the Earth rotates, changing the angle ωt and giving a large
number of baselines at a range of angles, even with only a few dishes.
This simple interferometer can distinguish sources separated only by an angle λ/(bsin(ωt)),
having the resolution of a large single dish of diameter bsin(ωt). Note that the two-element
interferometer cannot measure the source’s position, therefore more telescopes with different
baselines are added.
The response from an extended source, treated as the sum of independent point sources, is ob-
tained by summing the responses at each antenna to all the emission over the sky, multiplying
the two, and averaging:
rC(τg) = x
ż
V1dΩ1 ˆ
ż
V2dΩ2 y (A.4)
Average and integral operations can be interchanged and, providing spatially incoherent emis-
sion, the response becomes:
3The physical location of the baseline is unimportant because the source is in the far field.
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rC(τg) =
ż
I(s) cos(2pi
~b ¨~s
λ
)dΩ (A.5)
This expression links what the observer needs, that is source brightness on the sky I(s), to
something that can be measured, that is the interferometer response rC(τg).
The problem is that one correlator is not enough since the integration of the cosine response
over the source brightness is sensitive to only the even part of the brightness. Therefore, to
recover the odd part of the brightness, it is possible to replace the cosinus with the sinus in
the integral:
rS(τg) = v1v2sin(ωτg) (A.6)
obtaining the odd fringe pattern. This is implemented by a second correlator with a 90 degree
phase shift in one of the signal paths that generates the sine pattern. The combination of
cosine and sine correlators is called a complex correlator. In fact, it is now time to define a
complex function, called visibility V, from the two independent, real correlator outputs rC(τg)
and rS(τg) :
V = rC(τg)´ i rS(τg) = Ae´iφ (A.7)
and recalling that eix = cosx + isenx, by separating the real and imaginary parts of V,
Acosφ =
ż
I(s)cos(2pi
~b ¨~s
λ
)dΩ Asenφ = ´
ż
I(s)sen(2pi
~b ¨~s
λ
)dΩ (A.8)
a useful relationship between the source brightness and the response of an interferometer can
be obtained:
V(~b) = rC(τg)´ i rS(τg) =
ż
I(s)e´i 2pi
~b ~¨s
λ dΩ (A.9)
This is a 2D Fourier transform that gives a well established way to recover I(s) from V(~b). The
point is to derive the intensity distribution of a part of the radio sky from the measurement
of the visibility function using the Fourier transform tool.
In other words, the visibility is the spatial coherence function, that is a measure of the coher-
ence of the electric fields and the term was first used in interferometry by Michelson (1890) to
express the relative amplitude of the optical fringes that he observed. As used in radioastron-
omy, it is a complex quantity: its amplitude 4 gives info about the flux and its phase about the
position of the source.
In conclusion, the visibility is a unique function of the source brightness, also referred to
as intensity and measured in Wm´2Hz´1sr´1 and these two functions are related through a
Fourier transform.
Note that the intensity is a real function whereas the visibility is complex and Hermitian.
A two-element interferometer is sensitive only to one Fourier component of the sky brightness
distribution, thus more components are required in order to improve the response. This imply
4the visibility’s amplitude has the dimensions of spectral power flux (Wm´2Hz´1)
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the need of more baselines, knowing that even the most elaborate interferometer with N an-
tennas can be treated as N (N - 1)/2 independent interferometer pairs. Moreover, it is possible
to use the Earth’s rotation to vary the projected baseline coverage: this is the Earth-rotation
aperture synthesis.
A.3 Interferometers
Now, a convenient coordinate system must be introduced for the two vectorial quantities ~b
and~s to describe the antenna positions and baselines.
Let (u,v,w) be the coordinate axes, measured in units of the wavelength.
The unit direction vector ~s is defined by its projections (l,m,n) on the (u,v,w) axes. The ~s
components are called the direction cosines.
l = cosα m = cosβ n = cosθ =
a
1´ l2 ´m2 ÝÑ dΩ = dl dm?
1´ l2 ´m2
where α, β and θ are the angles are between the direction vector and the three axes.
It is useful to begin with a special case: an interferometer whose antennas all lie on a single
plane. In a two-dimensional measurement plane, the measurements of V(b) are entirely on
the plane containing the antennas and normal to the direction of the source, therefore the axis
w (for convention) is taken normal to that plane.
Then the components of the baseline vector and of the unit direction vector are respectively:
~b = (λu,λv,λw) = (λu,λv, 0) ~s = (l, m, n) = (l, m,
a
1´ l2 ´m2)
An interferometer, at any one time, makes one measure of the visibility at baseline coordinate
(u,v).
Knowing that
~b ¨~s
λ
= u l + v m + w n = u l + v m
the visibility becomes:
V(u, v) =
ż ż
I(l, m)?
1´ l2 ´m2 e
´i 2pi(ul+vm)dldm (A.10)
which is a 2-dimensional Fourier transform (often indicated with FÝÑ, F or FT) between the
projected brightness and the visibility and so, inverting it,
I(l, m) = cos(θ)
ż ż
V(u, v)ei 2pi(ul+vm)dudv (A.11)
In physical optics, this is known as the Van Cittert-Zernicke theorem, which is based on the
fundamental relation
V(u, v) FÝÑ I(l, m)
.
The Earth’s rotation causes a two-dimensional array, whose baselines are not confined to an
east-west line, to fill a three-dimensional volume. Therefore, a nearly coplanar arrays, such as
the VLA, cannot use the 2D geometry previously described.
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Figure A.2. The (u,v,w) coordinate system and the direction cosines (l,m,n). (Taylor, Carilli &
Perley, 1999)
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In this case, since the plane of the array is rotating with respect to the source, a more general
geometry, where all three baseline components are present, must be adopted. This is the co-
ordinate system in most general use for synthesis imaging with 3D interferometers: w points
to the region of interest following the source, u towards the east, and v towards the north
celestial pole. The direction cosines l and m then increase to the east and north, respectively.
Note that the u-v plane always perpendicular to direction to the source.
The visibility in the 3D generalized system becomes:
V(u, v, w) =
ż ż
I(l, m)?
1´ l2 ´m2 e
´i 2pi(ul+vm+wn)dldm =
ż ż
I(l, m)?
1´ l2 ´m2 e
´i 2pi[ul+vm+w(?1´l2´m2´1)]dldm
(A.12)
The expression is still not a proper Fourier transform, but if the third term in the phase factor
is sufficient small, it can be again a 2D Fourier transform 5.
That condition is met when only a small region of the sky is mapped, hence:
w[1´
a
1´ l2 ´m2] = w(1´ cosθ) » wθ
2
2
! 1 (A.13)
Therefore if the third term in the phase can be neglected, then the relation between the inten-
sity and the visibility again becomes the following 2D Fourier transform:
V(u, v) =
ż ż
I(l, m)e´i 2pi(ul+vm)dldm (A.14)
and, inverting it:
I(l, m) =
ż ż
V(u, v)ei 2pi(ul+vm)dudv (A.15)
In conclusion, V(u,v) is the complex visibility function, which is the 2D Fourier transform of
the sky brightness distribution I(l,m) for incoherent sources in a far field and with a small
field of view. V(u,v) is expressed as (real, imaginary) or (amplitude, phase). The real part of
the visibility function is the amplitude that tells "how much" of a certain spatial frequency,
whereas the imaginary part is the phase that tells "where" this spatial frequency component
is located.
Remember that the baseline coordinates (u,v) are E-W and N-S spatial frequencies measured
in wavelengths and the sky coordinates (l,m) are E-W and N-S angles in the tangent plane
measured in radians.
Note that each V(u,v) contains information on I(l,m) everywhere, not just at a given (l,m)
coordinate or within a particular subregion.
For a complete analysis, see Taylor, Carilli & Perley (1999); Thompson, Moran & Swenson
(2001) and Wilson, Rohlfs & H’´uttemeister (2009).
A.3.1 Coverage of the uv plane
An array of antennas measures only certain values in the set of continous u-v in the visibility
function: this is the sampling function S(u,v).
5Beware that eq. A.12 is not a three-dimensional Fourier transform!
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Figure A.3. a) An example array configuration consisting of 8 antennas, with E and N antenna
locations in meters. b) The u,v sampling that results from this array for a single time (snapshot),
at zero hour angle. Each cross represents a baseline. There are N(N-1)/2 = 28 unique baselines,
but there are twice this many points due to symmetry. c) The u,v sampling that results after a 12
hour integration. The rotating Earth causes the projected baselines to change with time, tracing out
portions of elliptical paths.
Obtaining a good image of a source requires adequate sampling (coverage) of the u-v plane.
As seen from the source, the dishes move around each other in elliptical tracks as the Earth
rotates. In twelve hours, a map of a source is synthesized as it would be seen by a large
elliptical telescope.
If the interferometer has more than two dishes, the u-v coverage becomes a number of con-
centric ellipses with the same shape.
For every sky brightness distribution there exists a visibility function, that is everywhere a
continuos complex function.
The sampled visibility function S(u, v) ¨V(u, v) is the actual data provided by the array and
its inverse Fourier transform gives the dirty image ID(l, m):
ID(l, m) =
ż ż
S(u, v) ¨V(u, v)ei 2pi(ul+vm)dudv (A.16)
The dirty image does not contain full information about the sky brightness distribution be-
cause the sampled visibility presents missing spacings that need to be recovered through an
image reconstruction technique.
Using the convolution theorem, the dirty image can be written as the convolution of the the
Fourier inversion F´1S(u, v)V(u, v). The Fourier inversion of the sampling function B(l,m) =
F´1tS(u, v)u is known as dirty beam or diffraction pattern of the aperture. In optical systems,
where an analog technique is used, this is called PSF (point-spread function) of a telescope.
The fundamental relation is clearly explained by images in fig.A.4 and can be expressed as
follow:
ID = F´1tS(u, v) ¨V(u, v)u = F´1tS(u, v)u ˚F´1tV(u, v)u = B(l, m) ˚ I(l, m) (A.17)
Therefore, to obtain the dirty image it is necessary to invert the sampled visibilities. Then,
through algorithms of cleaning, the image is restored and the final high quality image is
obtained.
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Figure A.4. The upper row are the sky plane representations of map, beam, and dirty map.
The lower row are the corresponding u-v plane representations of visibility, sampling function, and
sampled visibility.
a) An example (model) sky map.
b) The synthesized beam, or point-spread-function, of a model antenna array.
c) The dirty map that results from the FT of the sampled visibilities. This is the same as the convolu-
tion of the map in a) and the synthesized beam in b). This is the actual image made by an array.
d) The visibilities corresponding to the map, in other word the FT of a).
e) The sampling function of the array, whose FT gives the beam in b).
f) The sampled visibilities obtained by product of d) and e). These are the actual measurements made
by an array.
There are standard image reconstruction techniques that essentially try to predict the missing visibil-
ities in panel d), to arrive at the true map a).
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A.3.2 The CLEAN algorithm
Knowing that the sampling is never complete, a deconvolution process is needed to recon-
struct the fully sampled map equivalent of the otherwise partially sampled (dirty) (u,v) plane
and make a clean image compatible with the sky intensity distribution.
Note that deconvolution is always a non linear process and requires to impose some constrains
to better select plausible solutions. The standard deconvolution technique is the CLEAN al-
gorithm, invented by Högbom in 1974 and later developed by Clark (1980) and Cotton and
Schwab (1984). It relies on qualitative constrains assuming that the sky brightness is a collec-
tion of point sources and the convolution relation ID = I ˚ B must be valid.
It operates many iterations of a process in which a small amount of the dirty beam is sub-
tracted centered at the highest remaining point in the dirty image. The basic CLEAN algo-
rithm steps can be described as follow (fig. A.5):
1. a residual map is initialized to the dirty map and a clean component list to an empty
value;
2. the pixel that assume the maximum value of intensity (Imax) is identified in the residual
map as a point source (delta function);
3. a fraction of this highest peak, known as ”loop gain” g, is added to the clean component
list, then convolved with the dirty beam and subtracted from the residual map;
4. this point source amplitude and location are added to the clean component list and then
subtracted from the residual map;
5. iteration of the process from point 2 while a stopping criterion is not matched. There
are different criterions for stopping the algorithm as reaching the maximum number of
clean components or choosing the value of Imax less than a fraction of noise or less than
a fraction of the dirty map maximum value;
6. the clean component list is convolved by a properly chosen clean beam (restoration
step);
7. finally, the result is added to the residual map to obtain the clean map.
The CLEAN algorithm has a number of free parameters:
• the loop gain, which controls the convergence of the method. A good result is when
g » (0.1´ 0.3), depending on sidelobe levels, source structure and dynamic range;
• the threshold for convergence and the number of iterations, which define to which
accuracy the deconvolution proceeds. It is common practice to clean down to about the
noise level or slightly below; however, in case of strong sources, the residuals may be
dominated by dynamic range limitations;
• the clean beam in the restoration step, which is usually a 2D Gaussian to allow a simple
Fourier transform deconvolution.
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Figure A.5. Basic CLEAN algorithm. (J. Pety lecture at 8th IRAM Millimeter Interferometry
School)
In conclusion, interferometry samples Fourier components of sky brightness, therefore to
make an image it is necessary to Fourier transform the sampled visibilities and then de-
convolve to correct for incomplete sampling.
The resulting restored image is an estimate of the true sky brightness I(l,m) and depends
on imaging parameters (pixel size, visibility weighting scheme, gridding) and deconvolution
(algorithm, iterations, masks, stopping criteria).
A.3.3 Noise
The system temperature Tsys is the thermal noise of the data, connected to the emission tem-
perature of the receivers and atmosphere.
What the antenna measures is Tsys = TA + TR where the receiver temperature TR is of the
order of tens of Kelvin depending on the observed frequency, largely dominating on the an-
tenna temperature TA.
Therefore, the system temperature represents the average of many measures and determines
the noise level of an observation. For a two-element system:
∆Trms9 Tsys?
t∆ν
k∆Trms =
∆SAr
2
ÝÑ ∆S = 2k Tsys
Ar
?
2t∆ν
where Ar is the receiving area of the antenna, t is the integration time and ∆ν is the band
width of the channel.
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Figure A.6. Very Large Array with a zoom on an antenna receiver. Here, the VLA presents a low
band (dish + dipole) configuration transitioned to wide-bandwidth.
For an array of N identical telescopes, there are N(N ´ 1)/2 simultaneous pair-wise correla-
tions. Then the rms variation in flux density is:
∆S = 2k
Tsys
Ar
?
2Nt∆ν
As an example, the performance of the VLA at 1.3 cm is shown: for the twenty-seven 25 m
diameter antennas of the VLA, each with Ar = 300m2, after a four hour integration on source
with a 100 K system noise and 7.8 kHz frequency resolution, in a 3 arcsec synthesized beam,
the flux density rms sensitivity is 3.2 mJy.
A.3.4 VLA
The Karl G. Jansky Very Large Array (VLA) is made by 27 radio antennas located 80 km west
of Socorro (New Mexico) on the high Plains of San Augustin at 2124 m above sea level. It is a
component of the National Radio Astronomy Observatory (NRAO).
The dishes, each of which has a diameter of 25 m, are placed on rails along three arms in a
shape of a large Y. The Y-configuration produces a nearly circular synthesized beam on the sky
for a variety of integration times and for most positions on the sky. Also, a Y-configuration is
the most efficient arrangement of antennas which need to be connected to a central power and
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Figure A.7. At the top, a short baseline fringe pattern.
At the bottom, a long baseline fringe pattern.
Configuration bmax (km) bmin (m)
A 36.4 680
B 11.1 240
C 3.4 45
D 1.0 35
Table A.1. VLA configurations and the related maximum and minimum antenna separa-
tions.
communication center. Finally, the Y-configuration makes it possible to expand and contract
the array to allow for a variety of synthesized beam sizes on the sky.
A four-hour observation then includes baselines at a full range of angles, containing enough
information to construct a basic map.
The principal configurations 6 are called A, B, C and D and their maximum and minimum
baselines are shown in tab. A.1.
The frequency coverage is wide: from 74 MHz to 50 GHz, or from 4 m to 0.7 cm in wave-
lengths.
The VLA has undergone an upgrade to become the EVLA starting from 2001, where the E
stands for ”expanded”. New receivers and a far more powerful correlator have been imple-
mented. The continuum sensitivity has improved over the VLA by factors of 5 to 20, to give
point-source sensitivity better than 1 µJy between 2 and 40 GHz.
6In addition to the principal configurations, there are the hybrid configurations DnC, CnB and BnA,
recommended for sources located south of declination -15 degrees or north of declination 75 degrees.
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A.3.5 Very Long Baseline Interferometry
As previously seen, for a given wavelength the angular resolution of an interferometer de-
pends only on the baseline, that is limited by the need of phase-stable links such as optical
fibers between individual antennas and the correlator sets. Therefore, the baselines can reach
a maximum of a few hundred kilometers (MERLIN, UK).
To obtain an excellent resolution, the antennas must be spaced of about thousands of kilome-
ters, therefore the Very Long Baseline Interferometer (VLBI) was born when the development
of atomic clocks and extremely phase-stable oscillators led radio astronomers to the idea of
independent measurements at every individual antennas of the interferometer.
Today, data can be recorded on storage devices 7 together with precise time marks and corre-
lated later avoiding the transmission of a local oscillator signal.
The antenna outputs contain accurate records of the time variation of the electrical field
strength so that the appropriately time-averaged product obtained by multiplying the digi-
tized signal gives the mutual correlation function directly.
Observationally, VLBI can be used to carry out surveys of a large number of sources. Such
surveys make use of procedures that are similar to those used in the snapshot observing mode
of instruments such as the VLA. Each measurement has a total integration time of up to tens
of minutes. For such surveys, the observing runs may extend over few days so that hundreds
of sources are measured.
Examples of arrays characterized by baseline of the order of 103 km are the Very Long Base-
line Array (VLBA) and the European VLBI Network (EVN) 8, which is the most sensitive VLBI
array in the world. The combination of EVN and VLBA can be made and is known as Global
VLBI.
In the quest for even larger angular resolution, satellites have been placed in Earth orbit to
provide extended baselines.
A.3.6 LOFAR
The Low-Frequency Array built by the Netherlands Institute for Radio Astronomy (ASTRON)
is known as LOFAR (Van Haarlem et al., 2013).
This interferometric array is characterized by multiple stations combined to create synthesized
beams. Thousands omni-directional antennas without moving parts are in at least 48 larger
stations, with effective aperture sizes that range from 30 m to 80 m depending on the fre-
quency. The majority of stations is across the Netherlands. Five stations are in Germany, and
one each in Great Britain, France and Sweden. Further stations may also be built in other Eu-
ropean countries. International stations provide LOFAR with an angular resolution of » 0.15
arcsec at 240 MHz and » 1 arcsec at 30 MHz.
LOFAR is optimized for the frequency range from 30 to 240 MHz, but also with the ability to
observe down to 10 MHz. The telescope receivers are two different kind of dipoles:
• the low-band antennas (LBA), which cover the frequency range 10 - 90 MHz with reso-
7Storage devices are hard disks that are shipped to a central correlator location; in the near future
these will be sent in real time or near real time over the internet.
8whose data are processed at the Joint Institute for VLBI in Europe (JIVE).
A. Radio Interferometry technique 118
Figure A.8. Low-Frequency Array(Van Haarlem et al., 2013).
On the left, aerial photograph of the heart of the LOFAR core: a large circular island with six stations.
Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each
of these includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles
each.
On the right, a single LOFAR LBA dipole including the ground plane.
lution from 40 to 8 arcsec, a field of view from 1089 to 220 arcmin and a sensitivity from
110 to 12 mJy;
• the high-band antennas (HBA), which cover the frequency range 110 - 240 MHz with
resolution from 5 to 3 arcsec, a field of view from 272 to 136 arcmin and a sensitivity
from 0.41 to 0.46 mJy.
A delay is applied to the relative phases of the signals feeding the dipoles in each station,
creating a phased aperture array. This allows to improve the radiation pattern of the array in
a target direction and suppress in undesired ones. By applying different delays, LOFAR can
therefore point in more than one direction simultaneously and the number of beams is limited
only by the bandwidth necessary to transfer the signal to the correlator (De Gasperin et al.,
2012).
Appendix B
CASA
CASA (Common Astronomy Software Applications) is a set of C++ application libraries for
the data reduction and analysis of radio astronomical data. Its tasks for analysis procedures
and tools for data access, display and editing can be run through the IPython interface to
Python.
CASA was developed in the 1990s to store both interferometry and single-dish data as the
next generation of AIPS. Currently, it is being developed for ALMA and EVLA projects, but it
can also be useful for data analysis in the millimeter and sub-millimeter range. Therefore, it
can support in principle any setup of radio telescopes.
The data, such as visibilities, images and calibration information, are stored in tables. In par-
ticular, the table containing the visibilities is called Measurement Set (extension .ms) as shown
in table B.1 (Kemball & Wieringa, 2000). In the main table every row represents a temporal
stamp with information about the source and the instrument (antenna configuration, point-
ing, source fluxes) per spectral window and per baseline. Additional columns can be allocated
with the data modified during the calibration or Fourier inversion processes.
The data are processed via the measurement equation (Hamaker, Bregman, Sault, 1996), which
connects the observed visibility ~Vobsij , decomposed into individual calibration components, to
the ideal visibility ~Videalij :
~Vobsij = G
i Gj ~Videalij (B.1)
where i and j indicate the antennas which form the baseline and Gi, Gj are the complex gains.
They are defined for each antenna by many components along the signal path :
Gi = Ki Bi Ji Di Ei Pi Ti Fi Gj = K j Bj J j Dj Ej Pj T j Fj (B.2)
where each term has matrix form:
• K is the geometric compensation;
• B is the bandpass response;
• J is the electronic gain;
• D is the polarization leakage;
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Main original visibility data
Model Fourier transform of:
- image made from MS
- supplied model image
- calibrator flux density
Corrected copy of visibilities with calibration tables applied
Flags classification of visibilities (acceptable or not)
Table B.1. Data in CASA: the Measurement Set in a simple view.
• E is the antenna voltage pattern (primary beam effects);
• P is the parallactic angle (altaz-mounts);
• T are the tropospheric effects;
• F is the ionospheric Faraday rotation.
They are either additive (phases) or multiplicative (amplitudes). In most cases, when perform-
ing calibration (information in ”calibrator model” step in fig. B.1) we can forget the origin of
the contribution to be removed. Some of them are specific to each type of observation (VLBI,
spectral line analysis, wide field) and of the observing frequency.
Two quantities that must be calibrated for continuum measurements are amplitude and phase.
In addition, for spectral line measurements the instrument passband must also be calibrated.
Note that the amplitude, phase and passband calibrations are carried out before the source
measurements.
The amplitude scale is calibrated using methods that are similar to those used for single dish
measurements. This consists of using the response of each antenna to determine the system
noise of the receiver. In the centimeter range, the atmosphere plays a small role while in the
millimeter and sub-millimeter wavelength ranges, the atmospheric effects must be accounted
for.
For phase measurements, a suitable point-like source with an accurately known position is
required to determine the instrumental phase. For interferometers, the calibration sources are
usually unresolved or point-like sources, often extragalactic sources.
The passband calibration is carried out by an integration of an intense source to determine the
channel-to-channel gains and offsets. This latter calibration is usually made once per observ-
ing session, whereas the amplitude and phase calibrations are made more often, depending
on the stability of the electronics and weather.
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Figure B.1. Processing philosophy.
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